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ACRONYMS

ASTM American Society for Testing and Materials
bgs below ground surface
BP years before present, where “present” is defined as 1950 A.D.

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act of 1980
Cx correction factor

CRR cyclic resistance ratio

CSR cyclic stress ratio

DOE U.S. Department of Energy

DPT direct push technology

EPA U.S. Environmental Protection Agency
FFA Federal Facility Agreement

fps feet per second

GPR ground penetrating radar

ISGS Ilinois State Geological Survey
KDWM Kentucky Division of Waste Management
msl mean sea level

NEPA National Environmental Protection Act
NMSZ New Madrid seismic zone

NPL National Priorities List

NRC Nuclear Regulatory Commission

pef pounds per cubic foot

PGA peak ground acceleration

PGDP Paducah Gaseous Diffusion Plant
PSA peak spectral acceleration

PSHA probabilistic seismic hazard analysis
REI Risk Engineering, Inc.

RGA Regional Gravel Aquifer

SCPT seismic cone penetrometer test

SPT Standard Penetration Test

tsf ton per square foot

UCRS Upper Continental Recharge System
UHS uniform hazard spectra

USCS Unified Soil Classification System
WKWMA West Kentucky Wildlife Management Area
WVSZ Wabash Valley seismic zone
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Thrs Sersmlc Investrgatron report has been prepared to summarize and present conclusxons from a
‘ regmnal and srte-spectﬁc Seismic Investigation at the Paducah Gaseous Diffusion Plant (PGDP), Paducah,

g . Kentucky. This investigation has been performed to characterize a portion of DOE property that is under

consideration for potentrally siting a d1sposa1 facility for wastes generated from future environmental

‘ restoratlon activities implemented under the Comprehensive Environmental Response, Compensation,
and Liability Act of 1980 (CERCLA) at PGDP. PGDP was placed on the National Priorities List (NPL) in

~ May 1994. In 1998, the U.S. Department of Energy (DOE), the U.S. Environmental Protectron Agency

- (EPA), and the Commonwealth of Kentucky entered mto a Federal Facrhty Agreement ) )

The PrOJect Core Team (consrstmg of representatlves ﬁom DOE EPA and the Commonwealth of
Kentucky) has been evaluating options for disposing of future CERCLA wastes. One option under
cons1derat10n is the disposal of those wastes in a potential on-site facility. A Siting Study was initiated in
2000 to support DOE’s selection of a site for such a facility. Site 3A, located south of the plant, is a
e econﬁguratlon of one such site as presented in the Siting Study. The Seismic Investigation program consists

‘ of ﬂeld characten tion at PGDP specrﬁcally at Slte 3A to determlne whether 1t 1s feasrble as a candldate s1te ,

: The Project Core\Team'developed the followmg seven questrons that when answered would fully
~ address the seismic lssues at Slt€;3A Table ES:;I repeats these questrons and presents a summary of the

S answ”"s developed durm th S

"Is there evrdence of paleohquefactron"
" Is there paleoseismic evidence of local strong motion?
Is there potential for future liquefaction?
'Is there evidence of Hol ene displacement of faults at PGDP?
Are there fau g the potential drsposal facility site?
What is the peak ground acceleration (PGA) at the potential disposal fac1hty s1te‘7
What are the characterrstlcs of the desrgn ground motron‘?

’.\'S"S":“P’!"""h

v The Selsmlc Investlgatlon program mcludes three prlmary tasks (l) a Paleohquefactlon Study, (2) a
' Fault Study, and (3) a Geotechnical Study Field activities were completed between September 28, 2001,
_ and March 27,72002. The following sections summarize the investigation activities completed and the
eonclusrons reach d in each study.

= RESULTS OF THE PAI OLIQUEFACTION STUDY

The Pa]eohquefactron Study was developed to address Questlons 1 and 2, and to support answering
Questions 3, 6, and 7. The study included a review of historical information on liquefaction in the region,
a search for evidence of paleoliquefaction features in the region, an evaluation of borehole cores taken

: - from Site 3A for evidence of past hquefactlon and an evaluation of the results of laboratory testing of soil

. sarnples collected from Site 3A to assess liquefaction potential. Paleoliquefaction is defined here as
seismically induced liquefaction features associated with prehistoric Holocene or late Pleistocene earthquakes.




Table ES.1. Summary answers to Project Core Team questions to address seismic issues at Site 3A.

Question

_Summary answer

1. Is there evidence of
paleoliquefaction at
or near PGDP?

2. Is there paleoseismic
evidence of local
strong ground
motion?

3. Is there potential for
future liquefaction
at Site 3A?

4. Is there evidence of
Holocene
displacement of
faults at PGDP?

5. Are there faults
underlying the
potential disposal
facility site?

6. What is the PGA at
the potential
disposal facility
site?

7. What are the
characteristics of the
design ground
motion?

Field observations made along the Ohio River in the vicinity of PGDP found no large liquefaction
features. Smaller scale paleoliquefaction features may have been present but remained unobserved because
of their relatively small size or veneer of river deposits and vegetative cover. There is no definitive
evidence of paleoliquefaction at PGDP based on results of ficld investigations conducted along portions
of Bayou and Little Bayou Creeks. The literature does report some small liquefaction features located
along the banks of the Ohio River, about 8 miles northeast of PGDP and along the Post Creek Cutoff,

~ about 12 miles northwest of PGDP.

The absence of Iarge paleoliquefaction features wnthm 15 miles of PGDP suggcsts that local strong
ground motion has not occurred within the past few thousand years. The small liquefaction features that
have been reported in the literature are located in sediments that are especially prone to liquefaction and
are probably associated with large earthquakes originating outside the area. It should be stressed that the
available exposures may only provide a record for the late Holocene.

Many of the soils present at the site are clays and silts that by their very composition are not prone to
liquefaction. In addition, laboratory evaluation of these materials found that they do not meet the criteria
that distinguish those fine-grained soils that could cxperience large-scale strain, similar to liquefaction.

‘ The sands cncountered at Site 3A are generally firm and arc not expected to liquefy under low to

moderate levels of ground motion. Some liquefaction within the sands and deformation within the silts
and clays could occur at PGAs approachmg 05¢.

This study did not find Holocene displacement of faults at Site 3A. Several faults |dcntxf'cd in scismic
rcflection data at Site 3A have been confirmed to extend through the Porters Creek Clay and into the
materials undcrlying the surficial loess deposits. Three of these faults are interpreted to extend to within
approximately 20 ft of the ground surface. Onc DPT borchole encountered three fault plancs at depths
between 22 ft and 28 ft. No faults were observed in the overlying loess. The radiocarbon dating at Site 3A
found that the loess is late Pleistocene in age with "C dates ranging from 13,500 to 15,600 years BP. At
the Barnes Creek site located 11 miles northeast of PGDP, this study found Holocene age displacement
of faults in deposits with "*C dates ranging from 5000 to 7000 years BP.

The site-specific Fault Study identified a series of faults beneath Site 3A. For most of the faults beneath
Site 3A, rclative movement along the main fault plane is normal, with the downthrown side to the cast.
These normal faults, along with their associated splays, either form a series of narrow horst and graben
features, or divide the local sediments into a series of rotated blocks. Several of the faults extend through
the Porters Creck Clay and into the materials underlying the surficial loess. Three of these faults extend
to within 20 ft of the ground surface.

Based upon data collected from Site 3A, the PGA at Site 3A is calculated to be 0.48 g for a 2500-year
return period earthquake.

The design ground motions at Site 3A would be the same as those presented in a 1999 study performed by
Risk Engineering, Inc. The shear-wave velocities in the soil column at Site 3A are similar to those
determined previously at other locations on the DOE property, resulting in similar design ground
motions.

BP = years before present, where “present” is defined as 1950 A.D.

DPT = direct push technology

PGA = peak ground acceleration

PGDP = Paducah Gaseous Diffusion Plant
REI = Risk Engineering, Inc.
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, The purpose of the Paleohquefactlon Study is to determme (l) the ex1stence of llquefactlon features
in Quaternary-age deposits in the PGDP region and (2) whether this hquefactlon if found, is the result of

“"past New Madnd-type earthquakes or local earthquakes that originated in the PGDP v1c1mty The
_ “regional study was conducted within a 15-mile radius of PGDP. The study consisted of reviewing
~ historical data and conducting a field survey, which included ground inspections of target streams. The
L 'ground inspections consisted of surveying the banks of the Ohio River, Mayfield Creek, Bayou and Little
- Bayou Creeks, and a limited number of private land areas. Fifteen priority sites were identified for further
C study along the Oth R1ver and creeks in southern Illmo1s o

F1eld 1nvest1gat10ns conducted as part of the Selsmlc Investlgatlon found ':no large llquefactxon'
" features along the Ohio River in the vicinity of PGDP. The riverbank afforded adequate exposure of the
sediments such that if large hquefactlon features were present they should have been obvious. Smaller-scale

paleoliquefaction features may have been present but were not observed because of their relatively small |

51ze or the typlcal veneer of nver deposrts and vegetatlve cover.

- Freld 1nvest1gat10ns conducted along portlons of Bayou and thtle Bayou Creeks found no deﬁmtlve o
; ev1dence of paleohquefactxon at PGDP '

The l1terature does ,report some small hquefactlon features w1th1n 15 mlles of PGDP The closest are o
located along the banks of the Ohio River, about 8 miles to the northeast. These features are in the general
vicinity of Fort Massac, Illinois, a location where liquefaction was reported during the February 7, 1812,
 New Madrid earthquake. These features were small and relatively unweathered, suggesting that they were
~ probably outlying l1quefact1on features resultmg from the 1811 and 1812 New Madrid earthquakes. Small
. liquefaction features are also reported in the 11terature along the Post Creek Cutoff about 12 mlles

‘northwest of PGDP '

; i The absence of large paleohquefactlon features w1th1n 15 mlles of DP suggests that local strong
= ground motion has not occurred within the past few thousand years. In this context “local strong ground
" motion” is defined as strong ground motion resultmg from a local earthquake. The small liquefaction

' features that have been reported in the literature are located in sediments that are especially prone to
: hquefactlon and are probably associated with large earthquakes ongmatmg outside the area. It should be
o stressed that the avallabl 'exposures may only prov1de a record for the late

- The srte spec1f1c evaluatlon cons1sted of evaluatmg data collected during the Geotechmcal Study for
: thuefactlon potential at Site 3A. Many of the soils present at the site are fine-grained clays and silts that
by their very composition are not prone to liquefaction. In addition, laboratory evaluation of these
‘materials found that they do not meet criteria that distinguish those fine-grained soils that could
‘experlence large-scale strain, similar to liquefaction. The sands encountered at Site 3A are generally firm
“and are not expected to llquefy under low to moderate levels of ground motion. However, based on
' calculatlons presented in this report, it was concluded that some liquefaction within the sands and
deformatron within the silts and clays could occur at a PGA approaching 0.5 g.

l RESULTS OF THE FAULT STUDY

The puxpose of the Fault Study 1is to determme whether Holocene -age faulting has occurred in the,‘ '
e PGDP v101n1ty The Fault Study is to answer Questions'4 and 5 posed by the Project Core Team and to
. assistin any subsequent facxhty desxgn act1v1t1es The Fault Study 1ncIuded both reg10nal and 51te-spec1ﬁc
L components




Results of the Regional Fault Study

- The regional Fault Study collected data to support the design of a potential on-site CERCLA waste
disposal facility. Such data include displacement, earthquake magnitude, recurrence interval, and age of
the most recent event. The regional Fault Study was conducted at a site in Massac County, Illinois, at/near
Barnes Creek, which is located approximately 11 miles northeast of PGDP. Tasks completed at the
Barnes Creek site included visual observations and measurements of features in the banks of Barnes
Creek, a ground penetrating radar (GPR) calibration survey, and follow-up GPR survey and direct push
technology (DPT) boreholes in the target fault area. These tasks were implemented to identify the key
geologic units, their relationship with observed faults, and their dates of deposition to establish ages of
past fault movements. Although excavation of test pits and a trench was originally planned to collect
visible evidence of shallow faulting, data collected from the creek banks and DPT boreholes were
sufficient in dating of the deposits and in determining that no correlation exists between the topography
and faulting. Therefore, the DOE investigation team decided not to perform the test pits and trench
excavation.

The bank study was conducted along an approximately 2600-ft-long portion of Barnes Creek.
Visible faulting and other geologic features were studied at 12 locations. Fourteen organic samples were
collected and sent to an off-site laboratory for '“C age dating.

The GPR survey was conducted across the suspected location of a terrace graben, approximately
1100 ft north of Barnes Creek. Three parallel 900-ft lines were surveyed using a 200 MHz antenna; the
survey provided high-resolution data of the uppermost sediments and was used to identify areas where the
DPT boreholes should be located.

The DPT survey was conducted across the terrace graben area to identify potential Holocene faults,
displacement at shallow depths, and surface morphology. Ten DPT boreholes were driven across a 450-ft
section of the middle GPR survey line. The depths of the DPT boreholes varied between 32 and 63 ft,
producing a total of nearly 404 ft of continuous core from the ten boreholes. Six organic samples were
collected and sent to an off-site laboratory for '“C age dating.

Geologic structures observed in Barnes Creek included individual joints, faults, clay dikes, and paired
faults forming down-dropped blocks known as grabens. Neotectonic studies were carried out in a portion
of Barnes Creek to determine if mapped faults have moved within the Holocene Epoch (within the last
10,000 to 12,000 years). Investigations in the creek identified five geologic units. The three oldest units,
the Cretaceous McNairy Formation, and the gravels, sands, and silts of both the upper and lower
Metropolis Formation, exhibit faults, clay dikes, and joints. The two youngest units, a surficial light
brown sandy alluvium and an underlying light gray alluvium, did not exhibit faulting.

The trends (generally northeast-southwest) of the geologic structures in the oldest units and style of
deformation is consistent with bedrock faults mapped to the north of the study area by the Illinois State
Geological Survey (ISGS). The northeast-southwest trends are also consistent with the trend of the New
Madrid seismic zone to the southwest, suggesting that these features may be related.

The relative timing of the observed deformations in the geologic structures varies. A number of
geologic structures are limited to the McNairy Formation and clearly pre-date deposition of the Metropolis
materials. Other features involve both the McNairy and Metropolis materials to the same extent, while others
appear to be re-activation of old features in the McNairy after or during deposition of the Metropolis materials.

Radiocarbon ages confirm that i‘epeated deformation has occurred along some of the observed faults.
Deformation began prior to the deposition of the lower Metropolis (late Pleistocene), continued during the

02-097(doc)/072902 ES-4




- deposmon of the upper Metropohs (whlch is 5000 to 7000 years old) and most recently occurred in the

" 'mid-Holocene, after the deposition of the upper Metropolis (within the last 5000 years) Therefore, faults
"fobserved at the Barnes Creek site did extend into Holocene-age deposrts The max:mum drsplacement

observed ina smgle event is approxrmately 1 ft m the lower Metropohs o

i Investlgatlon of the terrace graben area concluded that the observed stratrgraphy is consxstent W1th a
‘ combmatron of two models (Da graben with up to 50 ft of dlsplacement ‘within the past 12,000 years ‘
and (2) an erosional feature with up to 50 ft of 1nﬁ111ng within the past 12, 000 years. Radiocarbon ages in
‘the terrace graben area at the Barnes Creek site indicate that the deep fine-grained sediments beneath the
Metropohs are approximately 11,000 years old, indicating that the overlying Metropohs dates from the
late Plelstocene or early Holocene

;\e-Speclfic Fault Study S

: ’Results of 1 e_g

£ The 51te—spec1ﬁc Fault Study at Srte 3A was developed fo answer Questlons 4 and 5 The snte-specrﬁc
o Fault Study was conducted to determine whether evidence of Holocene faulting exists at Site 3A. Because
- Site 3A is entirely underlain by the Porters Creek Clay, initial activities were conducted to determine
whether deformation of the Porters Creek Clay is apparent based on results of a seismic compression
wave (p-wave) reflection survey. Follow-up activities were then conducted to prov1de hlgher resolution
“data in order to determme whether dlsplacement is apparent at relatively shallow depths These follow-up

~+ activities 1ncluded a seismic horizontal shear wave (s-wave) reflection s survey and DPT boreholes within a

target fault zone at Site 3A. Although excavatron of test pits and a trench was orrgmally planned SO as to
collect visible evidence of shallow faultrng, field conditions (e.g., water levels, excessive excavation

- depths, obstructlons, and Wetlands) were not amenable to excavation nor to successful data collectwn

Therefore the DOE inve 'trgatlon team dex cided | not to perform the test p1ts and trench excavat1on

| 4The 1n1t1a1/p-wave survey evaluated four combmatlons of energy sources and selected the T-ISOOO 1V1:”"

it : " M1n1v1b as providing the hlghest Tresolution at Slte 3A. Approx1mately 16,000 Tin. ft of survey data were

collected along five lines (seven segments) using a geophone group ‘interval of 5 ft, shot spacing of 10 ft,

* 144-channel, 36-fold survey configuration. Several horizons were successfully imaged beneath Site 3A,
mcludlng the top of limestone bedrock, the McNalry Formation (lower sand facies), and portions of the

Porters Creek Clay. The results mdrcated potent1a1 'young faults extendmg from the limestone bedrock up
: 1nto the Porters Creek Clay V

A GPR cahbratton survey was conducted to determme whether GPR ab of p netratmg local” '

~ clays and silts to 1dent1fy subsurface features. At the Barnes Creek site, four GPR tests were conducted

~ using 200, 100, 80, and 16 MHz antennas along a 1500-1t test line. The 200 MHz antenna was selected as
providing the greatest resolution at the Barnes Creek site. At Site 3A, two GPR' tests were conducted
using 200 and 40 MHz antennas along a 750-ft test line. Because nelther of these antennas prov1ded

surtable resqutlon of the geology at Slte 3A,no follow-up GPR survey was recommended for Srte 3A.

The follow-up s-wave survey focused on two areas at Srte 3A ‘Where’ potentlal young faults were

' ‘suggested by the p-wave survey. Approxxmately 2300 lin. ft of data were collected along two lines using a

3 chronb source, 96- channel sexsmograph 48-fold s survey, and 40-Hz honzontal component geophones
at a group interval of 2 ft and shot spacing of 2 ft. Several horizons were successfully imaged, 1nc1ud1ng
the Porters Creek Clay, an overlying firm sand unit, and portions of the loess Several potent1a1 faults”
o extendmg up to or near the bottom of the loess umt Were 1dent1ﬁed o

Ten DPT boreholes w,l € dr1 rer along the two s-wave survey lmes to depths rangrng from 21 to 40 ft

'The DPT survey produced a total of nearly 400 ft of contmuous core from the ll boreholes Three fault’ -

o 02-097(doc)/072902 e St S L R e B R B ES-S COTRALINEE R e B I ST TS LR SIRINS T SRR N TR PR

an 11th DPT borehole was driven at one of the planned shallow boring locations (SB-04).



planes were observed at depths of 22 to 28 ft in a DPT borehole near the southern boundary of Site 3A.
Five organic sammples were collected and sent to an off-site laboratory for '*C age dating.

The site-specific Fault Study identified a series of faults beneath Site 3A. For most of the faults,
relative movement along the main fault plane is normal, with the downthrown side to the east. These
normal faults, along with their associated splays, either form a series of narrow horst and graben features,
or divide the local sediments into a series of rotated blocks.

Several of the faults identified in the p-wave survey extend through the Porters Creek Clay at an
approximate depth of 30 to 60 ft and into the materials underlying the surficial loess deposits. Three of
these faults extend to within approximately 20 ft of the ground surface. A DPT borehole drilled adjacent to
one of the postulated shallow faults encountered three fault planes at depths between 22 and 28 ft. No faults
were observed in the overlying loess sampled in this same DPT borehole. The radiocarbon dating at Site 3A
found that the loess is late Pleistocene in age, with '*C dates ranging from about 13,500 to 15,600 years
before present, where “present” is defined as 1950 A.D. (BP).

Therefore, this study did not find Holocene displacement of faults at Site 3A.

RESULTS OF THE GEOTECHNICAL STUDY

The purpose of the Geotechnical Study is to determine the variability of the lithology underlying Site 3A
and to acquire seismic and geotechnical characteristics of the deposits at Site 3A for use in the design of a
potential on-site CERCLA waste disposal facility. The Geotechnical Study is to provide data that support
answers to Questions 3, 6, and 7 posed by the Project Core Team. Field activities included drilling, sampling,
and testing of two deep boreholes, one using a Rotosonic drilling technique (DB-01) and an adjacent one
using a mud rotary drilling technique (DB-02). The activities also included drilling, sampling, and testing of
shallow mud rotary boreholes and seismic cone penetrometer test (SCPT) soundings. '

The deep Rotosonic borehole (DB-01) was drilled to a total depth of 359 ft, producing a continuous
core. A downhole natural gamma log of the borehole was conducted. The deep mud rotary borehole (DB-02)
was drilled to bedrock, which was encountered at a total depth of approximately 400 ft. Standard Penetration
Test (SPT) sampling was conducted continuously to a depth of 75 ft, and at approximately 20-ft intervals
thereafter to 186 ft. A downhole seismic velocity log of the borehole was conducted.

Five mud rotary boreholes were drilled to depths ranging from 52 to 70 ft. Two additional boreholes
were planned; however, because heavy rainfall prevented access by the drill rig, the DOE investigation
team converted the planned borings into one DPT borehole (SB-04) and one SCPT sounding (SB-07) so that
a lighter track-mounted rig could be used. SPT sampling was conducted continuously throughout the depth
of the boreholes. Three organic samples were collected and sent to an off-site laboratory for '“C age dating.

~ Forty-four Shelby tube samples and 153 split spoon samples were collected from the borings and sent
to an off-site geotechnical laboratory for analysis. Forty of the Shelby tube samples were analyzed for in-place
density, vertical permeability, triaxial compressive strength, and one-dimensional consolidation. Forty-eight
split spoon samples were analyzed for index properties and contaminant transport properties.

Fourteen SCPT soundings were completed at 11 locations at Site 3A to depths ranging from 10 ft
(refusal) to 70 ft, for a total of 623 ft. Continuous tip, sleeve, and pore pressure measurements were collected
from 6 ft to total depth in each SCPT sounding. Twenty-nine pore pressure dissipation tests were conducted
in varying lithologies. Seismic shear wave velocities were measured at approximate 3-ft intervals.
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. Bedrock was encounf ‘ ’edk ta depth of 400 ft below ground surface (bgs) in borehole DB-02 at Srte 3A
o The McNarry Formation was encountered overlying bedrock to a depth of 155 ft bgs, for a total thickness of
245 ft. The Porters Creek Clay was encountered overlying the McNairy to a depth varying between 30 and

60 ft bgs Terrace Deposrts typically overlay the Porters Creek Clay to a depth of 15 to 20 ft bgs. Surficial

o - loess deposits were encountered overlying the Terrace Deposits. In some areas there are younger alluvial .

deposxts of Holocene age that ﬁll former erosronal features 1nc1sed in the loess

Results of settlement calculattons predrct that the total settlement of a potentral disposal cell

E constructed toa helght of 102 ft above ground surface would result in gthan 5 ft of settlement in the

~* center of the cell : area. Differential settlement may be as large as 2 to 3 ft across the disposal cell. Detailed

 design would need to account for such differential settlement by increasing the slopes of the base grades,
 bottom lmer, and drain lines, and by selecting appropriate construction materials, It should be noted that

. the amount of drsposal cell settlement may be overestimated because of difficulties_in retrieving
~ undisturbed samples in the Porters Creek Clay. Settlement would occur relatively rapidly, with 90% of the

5 Geotechrucal Study

- settlement occurring in less than 2 years of fill placement SO that settlement would be essentlally completed by
i the trme the cell i is ﬁlled ‘

Results of bearmg capacrty analysrs mdrcate that the bearmg capacrty of the foundatlon sorls 1s :, B

| 'adequate to support a potent1a1 CERCLA waste dlsposal faelhty at Site 3A.

f‘kRESULTS OF THE s, s MIC DESIGN MODEL

, A sersmlc desrgn model was developed for Site 3A to answer. Questrons 6 and 7 namely, to
: deterrmne the PGA and desrgn ground motlons for a potentral on- -site CERCLA waste disposal facility.

A probablhstlc seismic hazard analy51s was performed to determme what the PGA and other related' N

e ground motions (ground shaking frequency, velocity, and displacements) would be at Site 3A for an

earthquake hav1ng a 2500-year return perlod The correspondmg PGA value at the top of rock (400 ﬁ deep)
was determmed to be 0. 7l{)g. '

Because the potent1a1 on-srte CERCLA waste d1sposa1 fac111ty would be founded on soil materrals up

to 400 ft thick, further analysis was needed to calculate the PGA at the top of the soil (at the base of the

disposal cell). Soils typically amplify the top-of-rock PGA; therefore, a factor, called the “soil amplification

~ factor,” is used to convert top-of-rock PGA to top-of-soil PGA. A s1te-spec1ﬁc soil amplification factorwas

calculated for Site 3A based on the shear-wave velocities measured in the deep borehole (DB-02) and

SCPT soundmgs using ‘the methodology employed by Risk Engmeerrng, Inc. in its 1999 study The soil

amplification factor for a top-of-rock PGA of 0.71 g was calculated to be 0.67. This results in a top-of-soil
PGA of O 48 g for a 2500-year retum perlod earthquake at Slte 3A

ThlS value is equal to the top-of—soﬂ PGA value of 048 g mterpolated from Risk Engmeerlng, Inc ina

"potentlal CERCLA waste drsposal facﬂlty at Srte 3A is O 48 g

The shear-wave veloc1t1es in the so11 column at Site 3A are srmtlar tof those determmed prevrously at
other locations on th "property, resultmg in similar des1gn ground motions. Therefore, the design

ground motions at Site ‘3A would be the same as those determined by Risk Engineering, Inc. A uniform

... hazard spectra that relates ground acceleration to the ground shaking frequency is presented in thls report

to deﬁne the des1gn ground motlons at Slte 3A
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1. INTRODUCTION

This Seismic Investigation report has been prepared to summarize and present conclusions from a
regional and site-specific Seismic Investigation at the Paducah Gaseous Diffusion Plant (PGDP), which is
located approximately 10 miles west of the city of Paducah, Kentucky (Fig. 1.1). This investigation was
performed to characterize a portion of the U.S. Department of Energy (DOE) property that is under
consideration for potentially siting a disposal facility for wastes generated from future environmental
restoration activities implemented under the Comprehensive Environmental Response, Compensation,
and Liability Act of 1980 (CERCLA) at PGDP.

PGDP was placed on the National Priorities List (NPL) in May 1994. In 1998, DOE, the
U.S. Environmental Protection Agency (EPA), and the Commonwealth of Kentucky entered into a
Federal Facility Agreement (FFA), which is the interagency agreement governing the cleanup of the
facility pursuant to CERCLA Sect. 9620(e)(2).

DOE is evaluating options for the disposition of waste materials that are anticipated to be generated
as a result of future CERCLA actions. One option under consideration is the disposal of those wastes in a
potential on-site facility. A Siting Study was initiated in 2000 to support DOE’s selection of a site for
such a facility, if on-site disposal were to be selected as the preferred alternative for the CERCLA waste.
The Siting Study, summarized in Identification and Screening of Candidate Sites for a Potential CERCLA
Waste Disposal Facility at the PGDP, Paducah, Kentucky, DOE/OR/07-1939&D1, identified three sites
for consideration (DOE 2001). During their May 17, 2001, meeting, the Site-Specific Advisory Board
(currently the Citizens Advisory Board) recommended that DOE focus investigation efforts at a fourth site,
Site 3A. Site 3A is a reconfiguration of Site 3 as presented in the Siting Study, located south of the PGDP
security fence, north and east of the intersection of Hobbs Road and Dyke Road (Fig. 1.2).

The Seismic Investigation consists of site-specific field characterization at Site 3A to determine
whether it is feasible as the final candidate site. The Seismic Investigation also includes characterization
of regional features with specific emphasis on the Barnes Creek site located in Massac County, Illinois. If
Site 3A is determined to be feasible, the results of this field characterization would be considered in the
evaluation of any waste disposal options.

1.1 BACKGROUND

On April 5, 2001, the Project Core Team (consisting of representatives from DOE, EPA, and
Commonwealth of Kentucky) met to develop a field investigation program to address seismic issues
associated with potentially siting a CERCLA waste disposal facility at PGDP. The Project Core Team
identified the seismic issues, discussed likely resolution strategies, and outlined field activities that could
be performed to address the issues. The Team developed a list of questions that, when answered, would
fully address the seismic issues. The Team developed the following questions:

Is there evidence of paleoliquefaction?

Is there paleo-seismic evidence of local strong motion?

Is there potential for future liquefaction?

Are there faults underlying the potential disposal facility site?

What 1s the peak ground acceleration (PGA) at the potential disposal facility site?
What are the characteristics of the design ground motion?
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The Team identified a single decision point in determining whether to continue the effort to site a
potential CERCLA waste disposal facility: the confirmation of active (Holocene-age) faulting at or near
PGDP. If the study identified such faulting, then DOE could decide to discontinue the investigation. A fault
is defined as “active” by applicable federal and Commonwealth of Kentucky regulations if it has had
movement in the last 10,000 to 12,000 years (during the Holocene Epoch). The Team also agreed that “to
be considered” criteria would include two other definitions of active faulting: (1) Nuclear Regulatory
Commission (NRC) criteria (movement in the last 35,000 years or repetitive movement on a single fault in
the last 500,000 years) and (2) U.S. Army Corps of Engineers criteria (movement in the last 100,000 years).

1.2 PURPOSE OF THE SEISMIC INVESTIGATION PROGRAM

The purpose of the Seismic Investigation program is to develop a better understanding of the seismic
conditions at PGDP. The Seismic Investigation program includes three primary tasks: (1) Paleoliquefaction
Study, (2) Fault Study, and (3) Geotechnical Study. The workplan for conducting the Seismic Investigation
is presented in the Seismic Assessment Plan for Siting of a Potential On-Site CERCLA Waste Disposal
Facility at the PGDP, Paducah, Kentucky, BIC/PAD-207 (2001¢), and the evaluations of National
Environmental Protection Act (NEPA) values (BJC 2001a, 2001b, 2002a, and 2002b). The geotechnical
study was identified as the Acquisition of Seismic and Geotechnical Design Data in the workplan.

The purpose of the Paleoliquefaction Study is to determine (1) the existence of liquefaction features
in Quaternary-age deposits in the PGDP region and (2) whether this liquefaction, if found, is the result of
past New Madrid-type earthquakes or local earthquakes that originated in the PGDP vicinity. The
Paleoliquefaction Study was structured to answer Questions 1 and 2 and support answering Questions 3, 6,
and 7 posed by the Project Core Team. The Paleoliquefaction Study was conducted within a 15-mi radius of
PGDP (Fig. 1.1). The study consisted of reviewing historical data and conducting a field survey, which -
included ground inspections of target streams and the Ohio River bank.

The Fault Study is comprised of two components: a regional Fault Study and a site-specific Fault
Study. Each component has a different, but similar, purpose and each component addresses a different
question. The purpose of the regional Fault Study is to determine if faults or postulated faults in the PGDP
vicinity have experienced Holocene-age displacement. This study was developed to support answering
Question 4 posed by the Project Core Team. During a scoping meeting held on June 6-7, 2001, DOE, EPA
and the Commonwealth of Kentucky agreed that the purpose of the regional Fault Study is to collect data
that would support designing a potential on-site CERCLA waste disposal facility (e.g., displacement,
earthquake magnitude, recurrence interval, and age of the most recent event). DOE held a meeting (i.e., a
“Target Fault Workshop™) with EPA and the Commonwealth of Kentucky on July 11-12, 2001, to scope
the regional Fault Study. Subject-matter experts at this meeting included representatives from the
Kentucky Geological Survey, Illinois State Geological Survey (ISGS), Mid-America Earthquake Center,
and the University of Memphis. It was mutually agreed that this study be conducted at a site in Massac
County, Ilhinois, at/near Barnes Creek, which is located approximately 11 miles northeast of PGDP (Fig. 1.2).
This particular site was selected because of its prominent features, accessibility, and the availability of
information form previous studies conducted by ISGS and others. Tasks completed at the Bammes Creek site
included visual observations and measurements of features in the banks of Barnes Creek, a ground
penetrating radar (GPR) calibration survey, and follow-up GPR survey and direct push technology (DPT)
boreholes. This follow-up work was conducted in a potentially faulted area north of the creek.

The purpose of the site-specific Fault Study is to determine if evidence exists of faulting at Site 3A
and if the age of any such fault displacement is consistent with results of the regional Fault Study. This
study was developed to answer Questions 4 and 5. Site 3A is entirely underlain by the Porters Creek Clay
Formation (Fig. 1.2). Initial activities were conducted to determine whether deformation of the Porters
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Creek Clay is apparent, based on results of a high-resolution compression wave seismic reflection survey
(p-wave survey). Follow-up activities were then conducted to provide higher resolution data, which could
better define potential Holocene-age faulting or displacement at relatively shallow depths (from the
ground surface to the top of the Porters Creek Clay). These follow-up activities included a horizontal
shear wave seismic reflection survey (s-wave survey) and DPT boreholes within a zone that appeared to
be faulted based on the p-wave survey at Site 3A.

The purpose of the Geotechnical Study is to determine the variability of the lithology underlying Site
3A and to determine seismic and geotechnical characteristics of the deposits for use in the potential
design of an on-site CERCLA waste disposal facility. The Geotechnical Study was structured to support
answering Questions 3, 6, and 7. These activities included drilling, sampling, and testing of two deep
boreholes, one using a Rotosonic drilling technique and an adjacent boring using a mud rotary drilling
technique. The activities also included drilling, sampling, and testing of shallow mud rotary boreholes and
seismic cone penetrometer test (SCPT) soundings.

1.3 ORGANIZATION OF REPORT
This Seismic Investigation report is organized into the following chapters:
e  Chapter 1, “Introduction,” describes the objectives of the Seismic Investigation.

e Chapter 2, “Field Investigation Summary,” summarizes the investigation activities and
methodologies used in conducting the seismic investigation fieldwork and laboratory testing.

o Chapter 3, “Physical Characteristics,” presents the geologic, hydrogeologic, geotechnical, and

seismic properties of the Site 3A soil deposits.

e  Chapter 4, “Geotechnical Design Model,” summarizes use of the collected data to establish a
conceptual site model for evaluating the fate and transport of contaminants and also summarizes the
evaluation of settlement and bearing capacity for a potential on-site CERCLA waste disposal facility
at Site 3A.

e  Chapter 5, “Evaluation of Liquefaction,” describes the results of the Paleoliquefaction Study and
evaluation of liquefaction potential at Site 3A.

e  Chapter 6, “Evaluation of Faulting,” describes the regional seismic setting, results of the regional
Fault Study at the Barnes Creek site, and results of the site-specific Fault Study at Site 3A.

e  Chapter 7, “Seismic Design Model,” summarizes the evaluation of the PGA and ground motions
appropriate for design of a potential on-site CERCLA waste disposal facility at Site 3A.

e Chapter 8, “Summary and Conclusions,” summarizes the results of the Seismic Investigation
program and presents the conclusions of the study.

e  Chapter 9, “References,” provides citations for supporting documents used in preparing this Seismic
Investigation report and cited in the main text and appendices that follow.
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The appendices provide the five technical memoranda that document and present the results (data)
from the Seismic Investigation. Included in these technical memoranda are descriptions of the work
performed and deviations from the work planned, as well as the seismic reflection profiles, geophysical,
DPT, and SCPT logs, and results of the geotechnical testing program. In addition, an appendix is
provided that documents detailed calculations made in evaluating the PGA and ground motions for design
of a potential on-site CERCLA waste disposal facility at Site 3A.
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2. FIELD INVESTIGATION SUMMARY

This chapter summarizes the investigation activities and methodologies used in completing the Seismic

- Investigation fieldwork and laboratory testing. Chapters 4 through 7 of this report will subsequently present
.interpretations of the data collected. As shown in Fig. 2.1, the Seismic Investigation was comprised of the

following three primary tasks, and this chapter is organized similarly.
e  Paleoliquefaction Study

e  Fault Study
— regional Fault Study (Barnes Creek)
— site-specific Fault Study (Site 3A)

*  Geotechnical Study (Acquisition of Seismic and Geotechnical Design Data)
— regional
— site-specific

Field investigations were initiated September 28, 2001, and the final drilling operations were completed
March 27, 2002. Laboratory analyses were completed during May 2002. The field investigation was
conducted in three phases. First, the Paleoliquefaction Study was initiated independently of the Fault
Study and the Geotechnical Study. Second, the site-specific Fault Study initial activities were conducted.
The project team then met with the EPA and Commonwealth of Kentucky to discuss the results of the
initial activities and finalize the plan for conducting the follow-up activities. The third phase consisted of
the site-specific Fault Study follow-up activities, the regional Fault Study, and the Geotechnical Study.

Prior to conducting the field activities, existing analytical data were reviewed to determine if Site 3A
contained any contamination to address potential concerns with health and safety requirements and waste
management concerns. Because the existing data primarily were limited to the northern portion of Site 3A,
additional surface soil samples were collected from the southern portions of Site 3A on August 23-24,
2001. The analytical data from this additional sampling indicate that, for the purposes of the Seismic

Investigation field program, Site 3A is uncontaminated. Therefore, cuttings from investigation boreholes

were spread near the drill sites.

All field investigation activities were conducted by SAIC Engineering, Inc., and its subcontractors.
There were no injuries or lost-time accidents associated with this project. The site-specific activities were
conducted at/near Site 3A located on the DOE property at the PGDP.

2.1 BACKGROUND ON FIELD INVESTIGATION TECHNIQUES

Several different techniques were used in this Seismic Investigation to gather data and samples for
subsequent analysis. The following describes these techniques, highlighting the differences between them
and the general type of information that can be obtained.

2.1.1 Intrusive Techniques

Intrusive techniques are methods of exploration that physically penetrate below the ground surface
(bgs). The following three intrusive techniques were used for the Seismic Investigation.
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An SPT soil boring is a large-diameter drilled borehole from which discrete samples can be taken.
Relatively undisturbed samples can be taken using a 3-inch diameter thin-walled Shelby tube sampler.
Disturbed samples can be taken using a 1.5-inch inside diameter split spoon sampler. While taking a split
spoon sample, an SPT test can be performed by using a hammer that weighs 140 pounds and falls from a
height of 30 inches to progressively drive the sampler into the bottom of the borehole. The SPT provides data
on the in-place strength and density of the soil deposit based on the number of blows on the hammer per ft of
penetration. The discrete soil samples can be tested in a laboratory for their geotechnical properties.

A DPT borehole is one in which a sampling barrel is hydraulically pushed into the ground, without
drilling the borehole. Samples are taken continuously using a 4-ft long by 1.5-inch inside diameter core
barrel. The DPT borehole provides a soil core that can be checked for stratigraphy and the presence of
organic material suitable for radiocarbon age dating.

An SCPT sounding is a type of probe in which instruments located at the tip of a drill rod are
hydraulically pushed into the ground. No samples can be taken, but measurements of tip resistance, sleeve
resistance, pore-water pressure, and seismic velocity can be made at frequent depth intervals. The SCPT
provides data on the in-place strength, density, and seismic velocity of the soil deposit, as well as the soil
stratigraphy.

2.1.2 Non-intrusive Techniques

' Non-intrusive techniques are methods of exploration that do not physically penetrate the ground
surface. The following two non-intrusive techniques were used for the Seismic Investigation.

A seismic reflection survey is a surface geophysical survey method that uses an energy source to
generate seismic waves. These waves propagate through the earth, reflecting off of subsurface features
back up to the ground surface. An array of geophones spaced along the ground surface is used to measure
the reflected wave. Computer analysis is then used to process and interpret the results. Two types of
seismic waves can be generated. Compression, or p-waves, are generated using a vertically induced
energy source and propagate through the earth as a series of compressions, similar to sound waves. A p-
wave survey is able to penetrate several hundred feet bgs. Shear, or s-waves, are generated using a
horizontally-induced energy source and propagate through the earth by microscopically distorting the
shape of the soil or rock. An s-wave survey is able to provide higher resolution than a p-wave survey at
shallow depths of penetration bgs. Both types of seismic reflection surveys provide data on the subsurface
stratigraphy and anomalies that may indicate the presence of faulting.

A GPR survey is a surface geophysical method that uses high-frequency radar antennas to generate
electromagnetic waves. These waves propagate through the earth, reflecting off of subsurface features
(natural and/or manmade), similar to the seismic reflection waves. The reflected signal is detected at a
receiver antenna, and plots of the signals received are used to interpret the results. A GPR survey provides
data on distinct shallow anomalies; however, highly conductive soils, such as clays, can attenuate the
signal rapidly, which could restrict the depth of penetration to only a few feet.

2.2 PALEOLIQUEFACTION STUDY

The Paleoliquefaction Study was developed to answer Questions 1 and 2 and help in addressing
Questions 3, 6, and 7 posed by the Project Core Team.

The planned Paleoliquefaction Study included an historical data review, (regional) ground inspections,
and sampling for carbon-14 (**C) age dating of stratigraphic units. The Paleoliquefaction Study activities
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are summarized in the following paragraphs, and additional details are provided in the corresponding
technical memorandum (Appendix A). Results and interpretations of this study are presented in Chap. §
of this report.

The historical data review phase was conducted by assembling maps, aerial photographs, and other
information to identify accessible areas within a 15-mile radius of PGDP that are most likely susceptible to
liquefaction. Areas that are susceptible to liquefaction possess a combination of the following characteristics:
late Quaternary and Holocene sediments, areas where loose sands are present, and areas where the water table
is shallow (i.e., < 15 ft). Geologic maps were used to identify areas of known faulting and Quaternary-age
(i.e., Pleistocene and Holocene) deposits, with emphasis on Quaternary sand or gravel deposits. Soil series
maps were reviewed to identify areas of sandy or gravelly soils, and aerial photographs were reviewed for
evidence of paleoliquefaction features, such as “sand blows.” Topographic maps were used to identify
drainage features with potentially exposed sections, and to determine accessibility. Water level/elevation
maps were compared to topographic maps in an attempt to identify areas with a shallow water table.

The ground inspection phase consisted of surveying the banks of the Ohio River, visually surveying the
banks of Mayfield Creek near highway bridges, and conducting a physical walkdown of two creeks located
on the DOE property (Bayou Creek and Little Bayou Creek) and a portion of Barnes Creek. The extent of the
ground inspections was limited while site access agreements were being pursued with a large number of
landowners. Geologists conducted the Ohio River survey by viewing approximately 100 miles of Ohio
River bank from a boat. Although some potential locations for further study were identified, no obvious
paleoliquefaction features were observed, even though there was adequate exposure. The geologists then
conducted the Mayfield Creek survey at public road crossings and determined that the sediments tended to
be clays and silts instead of sands. Vegetation cover prevented full observation of the creek banks. One
potential paleoliquefaction feature was observed, but it could not be studied further without an access
agreement with the landowner. Fifteen priority sites were identified for further study following the Ohio
River and Mayfield Creek surveys (Fig. 2.2). Walkdowns of Bayou Creek and Little Bayou Creek were
conducted, but only on those portions that lie on the DOE property. This provided information in the
immediate vicinity of Site 3A and PGDP. With the exception of the northern portion of Little Bayou
Creek, most of the areas surveyed were vegetated, and the creeks contain few sandy horizons. Two
additional potential paleoliquefaction features (one in Bayou Creek and one in Little Bayou Creek) were
identified during the walkdowns and warranted further study. Given the initial delays in obtaining access
agreements, results of the initial reconnaissance surveys, and preliminary results from work conducted at
the Bames Creek site and Site 3A, a decision was made not to move forward with a detailed study of the
priority sites. Therefore, no organic samples were collected for '*C age dating.

2.3 FAULT STUDY

The Fault Study was comprised of two components: a regional Fault Study and a site-specific Fault
Study.

2.3.1 Regional Fault Study

The regional Fault Study was developed to support answering Question 4 to determine if faults or
postulated faults in the PGDP vicinity have experienced Holocene-age displacement. This study was
conducted at the Bames Creek site located in Massac County, Illinois (Fig. 1.1). Field investigation activities
were initiated February 11 and completed February 22, 2002. The regional Fault Study, as originally
planned, included a bank study, a GPR survey, a DPT survey, and an excavation of test pits and a trench.
The regional Fault Study activities are summarized in the following paragraphs, and additional details are
provided in the corresponding technical memorandum (Appendix B). Results and interpretations of the
collected data are presented in Chap. 6 of this report.
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A bank study was conducted along an approximately 2600-ft long portion of Barnes Creek, located
between Barnes Creek Road and Orchard Road (Fig. 2.3). Visible faulting and other features, including
two grabens referred to as the “Westerman graben” and the “terrace graben” (Nelson et al. 1998), were studied
at 12 locations. Fourteen organic samples were collected and sent to an off-site laboratory for "C age dating.

A GPR survey was conducted across the suspected projection of the terrace graben, approximately
1100 ft north of Barnes Creek. Three parallel 900-ft lines were surveyed using a 200 MHz antenna. The
survey provided high-resolution data of the uppermost sediments and identified areas where the loess was
either present or absent, which allowed the locations of the DPTs to be refined.

A DPT survey was conducted across the terrace graben area to potentially identify faulting and/or
displacement of relatively shallow units, and collect organic samples for '“C age dating. Ten DPT boreholes
were driven across a 450-ft section of the middle line of the GPR survey. The DPT survey produced 403.5 ft
of continuous core, which was logged, photographed, and placed in storage. Six organic samples were
collected and sent to an off-site laboratory for '*C age dating.

Although excavation of test pits and a trench was planned to collect visible evidence of shallow
faulting and additional organic samples for '*C age dating, the DOE investigation team determined that
these excavations would not be necessary at the terrace graben area. This decision was based on several
factors, but the primary reason the excavations were not performed was the lack of correlation between
the surface topography and subsurface faulting in the DPT cores. In addition, the investigation team had
collected several organic samples from the bank along Bames Creek for '“C age dating, and the most
likely location of the test pits/trench was in a shallow drainage swale. Lastly, excavations, unlike the other
investigation techniques, would have disturbed a significantly larger area of land, possibly causing
negative impacts for future use of the property.

2.3.2 Site-Specific Fault Study

The site-specific Fault Study was developed to answer Questions 4 and 5 to determine if evidence
exists of faulting at Site 3A and to determine if the age of any such fault displacement is consistent with
results of the regional Fault Study. The site-specific Fault Study was conducted in two phases identified as
the initial activities and the follow-up activities. First, the initial activities consisted of two nonintrusive
geophysical surveys. The results of these two surveys were evaluated and presented to EPA and the
Commonwealth of Kentucky. DOE met with EPA and the Commonwealth of Kentucky January 15, 2002, to
finalize plans for conducting the follow-up study activities. Then the follow-up activities were conducted.
The site-specific Fault Study activities are summarized in the following subsections, and additional details
are provided in the corresponding technical memoranda (Appendix C and Appendix D). Results and
interpretations of the collected data are presented in Chaps. 3, 4, 5, and 6 of this report.

2.3.2.1 Initial Activities

The initial activities consisted of a high-resolution compression wave seismic reflection survey (p-wave

survey) and a GPR calibration survey. These field activities were initiated November 12 and completed

December 6, 2001.

The p-wave survey was conducted to determine whether anomalies are present that may suggest the
presence of potential young faults at Site 3A. For this study, the term “young fault” was defined as a fault that
shows displacement/deformation of the top of the Porters Creek Clay. Four combinations of energy sources
[i.e., hammer and cylinder, elastic wave generator (Accelerated Weight Drop), Minivib, and MicroVibrator
Source] and receivers were tested along the same 720-ft line at Site 3A. The DOE investigation team then
met with subject-matter experts from the Commonwealth of Kentucky on November 15, 2001, to review

02-097(doc)/072902 2-6




DOCUMENT No.

)

DOE/OR/07—-2038&D1

GPR .
calibration
Survey area

,./ 2
o =<
‘\ / ,/l // o _; 5
r’," // j // & g
Al 4 —- & v
/ T 0.. 200 400‘\
YN 1" = 400§
LEGEND u.s. DEI;EASATKMENJH%I‘:&NERGY

r——— e v e sy

B i R g PO

. Elevation contour
..... Inferred fault
... Projected fault
. GPR survey lines

“Hion Asphalt road

............. tream

Ock Ridge, Termemses o Poducoh, Kentudy » Portsmouth, Oho

Fig. 2.3. Location of Fault Study activities at the Barnes Creek site,

tS ience :cat:on
International or orati

Oak Rigge. ?:'mm 37831

Figure No. /99049/DWGS/P34BCREX-SP

DATE 07-26-02



the test results and select parameters for conducting the p-wave survey. Approximately 16,000 linear ft of

data were then collected along five lines (seven segments) at Site 3A (Fig. 2.4). The p-wave survey used a

geophone group interval of 5 ft, shot spacing of 10 ft, 144-channel, 36-fold survey configuration. Several
horizons were successfully imaged beneath Site 3A, including the top of Mississippian-aged limestone
bedrock, Cretaceous-aged McNairy Formation (lower sand facies), and portions of the Paleocene-aged
Porters Creek Clay. The results also indicated potential young faults extending from the limestone bedrock
up into the Porters Creek Clay; therefore, a follow-up horizontal shear wave seismic reflection survey
(s-wave survey) was recommended at Site 3A.

The GPR calibration survev wag condncted to determine whether GPR wag canahle of nenetrating
calibrati survey v whether V 1

4 2w Nsa AN AL J Vo VULIGuvILL WU UL wwiaaaua ASL AN WAS VGPGUIv Vi puiiviiGliig

local clays and silts to identify subsurface features. This calibration survey was performed at the Barnes
Creek site in Massac County, Illinois. A 1500-ft test line was established approximately 50 ft north of
Barnes Creek. Four GPR surveys/tests were conducted along this line using 200, 100, 80, and 16 MHz
antennas. A blind test was conducted (i.e., the locations of faults and other features that are visible in

Barnes Creek were not provided to the experts conducting the GPR tests until the data had been interpreted).

After testing the GPR equipment at the Barnes Creek site, the testing was continued along a 750-ft-long
test line at Site 3A using 200 and 40 MHz antennas (Fig. 2.4). The survey at Site 3A indicated that neither
high- nor low-frequency GPR would provide suitable resolution of the geology at the site; as a result, no
follow-up GPR survey was recommended for Site 3A. The survey also indicated that high frequency GPR
(i.e., 200 MHz) would provide the greatest resolution of the geology at the Barnes Creek site; therefore, a
follow-up GPR survey was recommended for the Barnes Creek site.

2.3.2.2 Follow-up Activities

The planned follow-up activities at Site 3A consisted of an s-wave survey, a GPR survey, a DPT
survey, and excavation of test pits and a trench. After meeting with the regulatory agencies on January 15,
2002, the follow-up field activities were initiated January 30 and completed March 8, 2002.

The s-wave survey was conducted to determine whether anomalies are present that may suggest the
presence of potential shallow faults at Site 3A. When DOE met with EPA and the Commonwealth of
Kentucky on January 15, 2002, the anomalies observed from the p-wave survey results were used to
identify the locations for the s-wave lines. Approximately 2300 linear ft of data were then collected along
two lines at Site 3A (Fig. 2.5). The s-wave survey used a geophone group interval of 2 ft, shot spacing of
2 ft, 96-channel, 48-fold configuration. Several shallow horizons were successfully imaged beneath Site 3A,
including the loess, a firm sand unit underlying the loess, and the Porters Creek Clay. Several faults
extending up to or near the bottom of the loess unit (approximately 20 ft bgs) were identified. The s-wave
survey results support the general conclusions derived from the previous p-wave survey.

The GPR survey was originally planned to determine whether anomalies are present that may
suggest the presence of potential faults in shallow sediments at Site 3A, and to refine the locations of the
planned intrusive activities. The results of the previous GPR calibration survey indicated, however, that
the GPR technology is incapable of penetrating clays and silts at Site 3A with sufficient resolution to
identify subsurface features. As a result, DOE, EPA, and the Commonwealth of Kentucky mutually
agreed that the GPR survey should not be conducted as one of the follow-up activities at Site 3A.

The purpose of the DPT survey was to collect soil cores to identify potential Holocene-age faults and
displacement at relatively shallow depths. Ten DPT boreholes were driven along the two s-wave lines to

depths ranging from 21 ft to 40 ft; in addition, an eleventh DPT borehole was driven at one of the planned

shallow boring locations (SB-04). The DPT survey at Site 3A produced nearly 400 ft of continuous core,
which was logged, photographed, and placed in storage. The soil cores allowed the stratigraphy to be
observed. Faulting was observed at a depth of 20 to 28 ft in a DPT borehole located near the southem
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boundary of Site 3A (Line 3, Station 531). Five organic samples also were collected and sent to an off-site
laboratory for '*C age dating. Each DPT borehole was plugged and abandoned in accordance with applicable
regulations.

Although excavation of test pits and a trench were originally planned to collect visible evidence of
shallow faulting, the DOE investigation team determined that these excavations should not be performed at
Site 3A, based on the results of the DPT survey and the site-specific Geotechnical Study. This decision
also was based on field conditions that would prohibit these activities (e.g., high water levels, excessive
excavation required to reach required depths, and obstructions, including trees/woods, paved roads, an
underground utility, and potential wetlands). The DOE investigation team has suggested that if additional
data are required, a safer approach may include installing closely-spaced DPT boreholes in lieu of the test
pits and trench.

2.4 GEOTECHNICAL STUDY

The Geotechnical Study was developed to acquire seismic and geotechnical design data that would
support answering Questions 3, 6, and 7; namely, to determine if there is potential for future liquefaction
at Site 3A and to determine the PGA and the characteristics of ground motion to use in the design of a
potential on-site CERCLA waste disposal facility. The Geotechnical Study consisted of regional and site-
specific investigations. The regional investigation consisted of obtaining time histories and other pertinent
backup information used by Risk Engineering, Inc. (REI) (1993 and 1999) to determine the bedrock
characteristics at the PGDP soil/rock interface, the soil column, and the PGA, as developed in previous
PGDP studies. The regional investigation did not include any field work. The results of the required
investigation are summarized in (BJC 2002c) and discussed further in Chap. 7 of this report.

" The site-specific Geotechnical Study included the installation of seismic cone penetrometer test
(SCPT soundings), deep borings, shallow borings, and sampling/testing for seismic and geotechnical
properties at Site 3A. The acquisition of basic seismic geotechnical information that would be required for
future design of a potential on-site CERCLA waste disposal facility is included in this task to save time and
money on any future site characterization. Field investigation activities were initiated February 12 and
completed March 26, 2002. The Geotechnical Study activities are summarized in the following paragraphs,
and additional details are provided in the corresponding technical memorandum (Appendix E). Results
and interpretations of the collected data are presented in Chaps. 3, 4, and 5 of this report.

Fourteen SCPT soundings were conducted at 11 locations at Site 3A to support the future design of a
potential on-site CERCLA waste disposal facility (Fig. 2.6). The upper six ft of each SCPT location were
augered by hand, and the total depths of the SCPT soundings ranged from approximately 10 ft (refusal) to
70 ft bgs. A total of 623.4 ft were sounded. Continuous tip, sleeve, and pore pressure measurements were
collected from 6 ft bgs to total depth in each SCPT sounding. Twenty-nine pore pressure dissipation tests
were conducted in varying lithologies with different permeabilities to assess the potential of the sediments
to liquefy and assess the competency of the clays. Shear-wave velocities were measured at approximate 3-ft
intervals in each SCPT sounding, beginning at a depth of 6 ft bgs. No samples were collected and no drill
cuttings were generated. Each SCPT sounding was plugged and abandoned in accordance with applicable
regulations.

Two deep boreholes were drilled at Site 3A (Fig. 2.6). The first deep borehole (DB-01) was drilled to
a total depth of 359 ft using a Rotosonic drilling technique. The continuous core was collected, logged,
and placed in storage. A downhole geophysical survey (natural gamma log) of the entire borehole was
conducted. The core and gamma log were evaluated to select specific depths for collecting soil samples in the
second borehole. The second, adjacent, deep borehole (DB-02) was drilled to bedrock (total depth 400.3 ft)
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using a mud rotary technique, which was necessary to collect the planned samples and conduct the planned
logging. Standard Penetration Test (SPT) sampling was conducted continuously to a depth of 75 ft and at
approximately 20-ft intervals thereafter to a depth of 186 ft. Several samples were collected from the
second deep borehole. Eleven Shelby tube samples were collected at depths ranging from 4 ft to 134 ft
bgs and sent to a laboratory for measurement of physical soil properties. Thirty-two split spoon samples
were collected at depths ranging from the ground surface to 186 ft bgs, and 12 of these samples were sent
to a laboratory for measurement of geotechnical index properties. A downhole seismic survey (shear
wave velocity log) of the borehole was conducted to determine shear wave velocities for use in
liquefaction analyses, deformation studies, and development of a site-specific PGA value. Both deep
boreholes were plugged and abandoned in accordance with applicable regulations. Because Site 3A is not
contaminated, cuttings from the mud rotary borehole were spread near the drill site.

Five shallow boreholes were drilled at Site 3A using a mud rotary technique to support the future
design of a potential on-site CERCLA waste disposal facility (Fig. 2.6). The total depths of the borings
ranged from 52 ft to 70 ft bgs. Two additional shallow boreholes were originally planned, but heavy
rainfall created accessibility concerns for the truck-mounted rigs. Because the DPT/SCPT rig was
mounted on a tracked vehicle, the DOE investigation team converted the planned shallow borings into
one DPT borehole (SB-04) and one SCPT sounding (SB-07). The DPT borehole (SB-04) is documented
with the site-specific Fault Study activities. SPTs were conducted continuously throughout the depth of the
shallow boreholes in accordance with American Society for Testing and Materials (ASTM) D1586.
Several samples were collected from the shallow boreholes. Thirty-three Shelby tube samples were
collected at depths ranging from 4 ft to 67 ft bgs, and 29 of these samples were sent to a laboratory for
measurement of physical soil properties. In addition, 121 split spoon samples were collected at depths
ranging from the ground surface to 70 ft bgs, and 36 of these samples were sent to a laboratory for
measurement of geotechnical index properties. Three organic samples also were collected from two
shallow boreholes and sent to an off-site laboratory for '“C age dating. All shallow boreholes were
plugged and abandoned in accordance with applicable regulations. Since Site 3A is not contaminated,
cuttings from the mud rotary boreholes were spread near the drill sites.

Numerous Shelby tube and split-spoon samples that were collected from the deep and shallow
borings at Site 3A. Relatively undisturbed soil samples were excavated from the Shelby tubes and
analyzed for physical soil properties (e.g., in-place density, vertical permeability, triaxial compressive
strength, and one-dimensional consolidation). Disturbed soil samples were collected from the split spoon
samples and analyzed for geotechnical index properties (e.g., specific gravity, grain size, Atterberg limits,

~and moisture content) and contaminant transport properties (¢.g., contaminant partitioning coefficients for
*Tc and 2’Np). ASTM standards were used to collect and analyze the samples.
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3. PHYSICAL CHARACTERISTICS

This chapter describes the physical characteristics of the subsurface at PGDP, including site conditions
relative to geography and physiography, seismology, geology, and hydrology. Results of the field
characterization at Site 3A are presented, including site-specific stratigraphy, water levels, and geotechnical
and seismic soil properties. These results are subsequently used in Chaps. 4 through 7 of this report to
evaluate the geotechnical design model, liquefaction potential, faulting potential, and seismic design model.

3.1 GEOGRAPHY AND PHYSIOGRAPHY

PGDP is located in western McCracken County, Kentucky, approximately 3 miles south of the Ohio
River and approximately 10 miles west of the city of Paducah (see Fig. 1.1). PGDP is located in the
Jackson Purchase Region of western Kentucky, at the northern tip of the Mississippt Embayment portion
of the Atlantic Coastal Plain physiographic province. The Mississippi Embayment is a large sedimentary
trough oriented north-south, which received sediments from the middle of the North American continent.
The area is bounded on the north and east by the Illinois Basin, an area of low plateaus on stratified
sedimentary rock within the Highland Rim portion of the Interior Low Plateau physiographic province.

PGDP is situated in an area characterized by low relief. Elevations vary from approximately 350 to
405 ft mean sea level (msl) across the DOE property, with the ground surface sloping at an approximate
rate of 27 ft/mile toward the Ohio River. Two main topographic features dominate the landscape in the area:
a loess-covered plain at an average elevation of 390 ft ms] and the Ohio River floodplain zone, dominated
by alluvial sediments, at an average elevation of 315 ft msl. The terrain is modified slightly by the
drainage systems associated with the two principal streams in the area: Bayou Creek and Little Bayou

“Creek. These northerly flowing streams have eroded small valleys that are approximately 20 ft below the

adjacent plain.

Site 3A is located on the loess-covered plain. The topography at Site 3A is relatively flat, varying in
elevation from a high of approximately 405 ft msl in the southern portion of the site alongside Dyke Road
to a low of approximately 380 ft msl in the northeastern and northwestern corners of the site (Fig. 3.1).
Drainage is predominantly by overland flow to several man-made ditches located northeast, northwest,
and southwest of the site. These ditches ultimately discharge to Little Bayou Creek to the east and Bayou
Creek to the west.

3.2 REGIONAL SEISMOLOGICAL SETTING

Several large-scale fault systems in Paleozoic and younger rocks have controlled much of the
region’s seismic history. To the southwest and northeast of PGDP is a dogleg-shaped, failed rift
composed of two segments, the northeast-trending Reelfoot rift of the Mississippi Embayment and the
east-trending Rough Creek graben of the Illinois Basin (Fig. 3.2).

Seismic activity in the PGDP area is primarily the result of continental compression that is reactivating
the New Madrid seismic zone (NMSZ), centered 62 miles to the southwest of PGDP (Fig. 3.2). The NMSZ
is a zone of dense microseismic activity associated with the Reelfoot rift. The Reelfoot rift system
subsided rapidly throughout Paleozoic time [225 to 570 million years ago, serving as a center of
sedimentation for the Illinois Basin. Beginning in Cretaceous time (65 to 135 million years ago), the
Reelfoot rift area again subsided, forming the Mississippi Embayment. Consequently, northeast-trending

faults were rejuvenated in and near the NMSZ. Three major earthquakes occurred in the NMSZ in late

1811 and eaﬂy 1812, each of which was estimated to have a magnitude greater than 7.
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To the north of PGDP in the Illinois Basin is the Wabash Valley seismic zone (WVSZ), presently an
area of diffuse seismicity. Principal structures within the WVSZ are the Rough Creek graben, Hicks
Dome/Fluorspar Area fault complex, and the Wabash Valley fault system. Post-Pennsylvanian
displacements along the Rough Creek-Shawneetown fault system split the Illinois Basin into two unequal
parts: a broad, but shallow, basin to the north and a narrow, but deep, basin to the south. Several
researchers have found geologic evidence to demonstrate that the WVSZ has a history of earthquakes of
magnitudes greater than 6 (REI 1999).

3.2.1 PGDP Seismological Setting

PGDP is located near the inferred junction of the Reelfoot rift, which contains all the active NMSZ
faults, and the WVSZ Rough Creek graben, which has a lower rate of seismic activity. The boundary
between these two structures is not well defined.

Geologic maps of the PGDP area delineate few faults. The closest mapped faults in Kentucky (Fig. 3.3)
are located approximately 4 miles east and 5 miles northwest of PGDP (Olive 1980). Recent mapping in
the southern Illinois Fluorspar Area fault complex provides convincing evidence of widespread tectonic
faulting of Cretaceous and younger units (less than 135 million years ago). The style and trend of these
faults are inconsistent with the contemporary stress regime and with the inferred style and trend of active
faults in the New Madrid area (Nelson et al. 1997). Traces of several faults in southern Illinois trend
toward PGDP.

‘ The Barnes Creek fault zone, if extended below the Mississippi Embayment, would be the most likely
fault to pass through or near PGDP. Where exposed in southern Illinois, the Barnes Creek fault zone is a
single fault or a zone of sub-parallel faulting less than 0.25 miles wide. The vertical separation along the
fault typically is less than 100 ft. Nelson et al. characterizes the latest displacement along the fault zone as
probably early Pleistocene (older than 13,000 to 14,000 years ago) (Nelson et al. 1996). Undeformed
Holocene (younger than 10,000 years ago) gravels and silts overlie splays of the fault. This fault zone was
investigated further during the regional Fault Study, as discussed in Chap. 6 of this report.

The other fault zone likely to pass below or near PGDP (probably on the west side) is the Massac
Creek structure of the Hobbs Creek fault zone. Nelson et al. (1996) interprets this graben in the Hobbs
Creek fault zone to have formed in Miocene to early Pleistocene time (1.6 to 24 million years ago).

The Kentucky Geological Survey has used several techniques to define the geologic structure of western
Kentucky, including the PGDP area. Based on imagery from side-looking airborne radar, Drahovzal and
Hendricks postulate two regional northeast-southwest lineaments extending through PGDP, as well as
three other nearby lineaments within or adjacent to DOE property (Fig. 3.4) (Drahovzal and Hendricks
1996). These lineaments closely correspond to regional lineaments in the top-of-basement map for the
Paducah area, which may be related to faulting.

Street and Langston present the interpretation of seismic geophysical surveys within the DOE
property (Street and Langston 1998). The seismic survey data were collected along six main transects
located east and north of the main plant (Fig. 3.4). In the report, researchers identify the following three
anomalies that they attribute to faulting:

e A structural depression on seismic wave reflectors north-northwest of PGDP suggests the presence
of a large graben, progressing upward from bedrock into the Lower Continental Deposits
(Pleistocene age: 11,000 to 1.6 million years ago) that trends northeast-southwest. The geophysical
survey profiles suggest that the graben measures approximately 0.6-miles wide in the Lower
Continental Deposits.
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e  Three geophysical survey lines on the north side of the plant-secured area indicate a northeast-southwest
trending zone of displacement in the base of the Lower Continental Deposits, with the down-thrown
block to the northeast.

e Two geophysical survey lines on the east side of the plant indicate a northeast-southwest trending
structure. This anomaly most likely represents a buried erosional feature, the south bank of the
ancestral Tennessee River, which flowed through the area during Pleistocene time (11,000 to 1.6 million
years ago). '

3.2.2 Regional Seismic Activity

Recent seismic events have occurred in both the NMSZ and WVSZ. Figure 3.5 shows the distribution
and magnitude of seismic events in the PGDP region for the period 1800 through 2002 (USGS 2002a).

3.2.2.1 New Madrid Seismic Zone

The principal seismic activity within the NMSZ is interior to the Reelfoot rift. Earthquakes are occurring
at depths between 2 and 7 miles bgs in Precambrian granites and Lower Paleozoic sedimentary rocks.

The NMSZ is the principal area to consider in modeling future seismic events that might impact
PGDP. The principal active faults of the NMSZ are the Blytheville arch (including a northeastern
extension as the Cottonwood Grove fault), the Bootheel lineament, the Reelfoot fault (including its
northern extension to northwest of New Madrid and southern extension to north of Dyersburg), and, with
lower confidence, the East Prairie fault (Fig. 3.2).

Researchers of the NMSZ have associated the followmg three 1811-1812 New Madrid earthquakes
to a specific fault by using historical accounts and geological evidence. The 1999 PGDP seismic hazard
analysis used those faults, augmented to the north, to characterize the main pattern of seismicity in the
NMSZ (REI 1999). ‘

e The December 11, 1811, NMSZ event (magnitude 8.1) occurred in northeast Arkansas and is
associated with a strike-slip rupture on the Blytheville arch-Cottonwood Grove fault, or with the
Blytheville arch-Bootheel lineament. The 1999 PGDP seismic hazard analysis applies the former
interpretation, with a fault length of 75 miles.

¢  The January 23, 1812, NMSZ event (magnitude 7.8) occurred in southeast Missouri and is associated
with a strike-slip rupture on the East Prairie fault. The possibility that the East Prairie fault connects
with the Fluorspar Area fault complex is represented by an East Prairie extension.

e The February 7, 1812, NMSZ event (magnitude 8.0) also occurred in southeast Missouri and is
associated with a thrust rupture on the Reelfoot fault. The 1999 PGDP seismic hazard study uses a
length of 43 miles for the Reelfoot fault.

Of the faults associated.with the three great earthquakes of 1811 and 1812, the only known surface

fault is the Reelfoot reverse-fault scarp. Apparently, the first and second events occurred on strike-

slip faults, thereby leaving no scarps. Investigators have interpreted the area earthquake chronology

prior to recorded history from scarp-derived colluvium and graben-fill sediments (REI 1999). Three

faulting events are thought to have occurred along the Reelfoot rift within the last 2400 years as

follows: between 1000 and 1220 years ago, between 350 and 740 years ago, and the 1811-1812
~ events Thus, the recurrence ipte{val of the Reelfoot fault is estimated to be from 400 to 500 years.
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There are only three known faults in the study region (other than the principal NMSZ faults) for
which offset of Holocene (less than 10,000 to 12,000 years ago) sediments has been documented
(Fig. 3.2). Two of these, the Commerce/Benton Hills and the Crittenden County fault zone lie within or
near the northwest and southeast margin zones, respectively, of the Reelfoot rift. These are most probably
rift-bounding normal faults that have been reactivated as thrust faults or strike-slip faults in the current east-
west compressional stress regime. With lengths of more than 12 to 19 miles, these faults could generate
maximum earthquakes of magnitude 7.

Paleoliquefaction studies of sand blow deposits and sand dikes are a particularly powerful tool in
deciphering the paleoseismology of the NMSZ (REI 1999). Paleoliquefaction studies in the Western
Lowlands of Missouri have identified four paleoseismic events dating from 17,000 to 23,000 years ago,
9000 to 13,500 years ago, 980 to 1760 years ago, and 460 to 560 years ago. Researchers speculate that the
seismic source of the Western Lowland earthquakes may have been the Commerce fault, a fault beneath
the western margin of the NMSZ.

Studies within the southern portion of the NMSZ reveal a minimum of three paleoliquefaction events
in the 2000 years prior to 1811. These events are believed to have occurred 1500-2000 years ago, 1000—
1200 years ago, and 600-800 years ago. At the northern end of the NMSZ, paleoearthquakes have been
dated at approximately 1560 years ago, between 1100 and 1460 years ago, and between 980 and 1230
years ago. :

The known faults of the study region with Quaternary offset (but without demonstrable Holocene
offset) are all short (from 1 to 9 miles of mapped length) and are either located west of the current focus
of seismic activity in the NMSZ or are small fault segments in the Fluorspar Area fault complex. Based on
fault length, they may be capable of producing an earthquake of magnitude 6 or greater; however, based
on lack of Holocene offset, they are thought to have a Pleistocene recurrence interval of more than
100,000 years. Faults in this group thus have a negligible contribution to the seismic hazard at PGDP.

3.2.2.2 Wabash Valley Seismic Zone

The WVSZ geographically includes portions of Kentucky, Indiana, and Illinois, and lies within the
Illinois Basin. Although there is no current center of seismicity in the WVSZ, the area has a paleoseismic
history of earthquakes of magnitude greater than 6. No Holocene fault displacement has been recognized
in the WVSZ (Nelson et al. 1997).

Paleoliquefaction studies have been conducted along most of the major rivers of southern Indiana
and Ilinois. In these studies, riverbank sediments are studied for evidence of earthquake-induced sand
dikes, sand sills, and sand blows. Based on paleoliquefaction studies of the WVSZ, investigators have
recognized at least eight prehistoric earthquakes within the last 20,000 years that were strong enough to
cause liquefaction (REI 1999). Of these eight earthquakes, six were probably greater than magnitude 6
and at least two are estimated to have exceeded magnitude 7. The largest prehistoric earthquake in the
paleoliquefaction record occurred about 15 miles west of Vincennes, Indiana. This earthquake, is
estimated to have had a magnitude greater than 7.5 and to have occurred 6100 + 200 years ago.

3.3 REGIONAL GEOLOGY

The subsurface geologic units in the PGDP vicinity consist of approximately 350 ft of Cretaceous,
Tertiary, and Quaternary sediments unconformably overlying Paleozoic bedrock. In the PGDP vicinity,
the Cretaceous through late Tertiary sediments dip gently to the south-southwest toward the axis of the
Mississippi fmbayment and overlie northward-dipping Paleozoic bedrock. In stratigraphic order, Mississipian
limestone bedrock is overlaid by a rubble zone, the Cretaceous McNairy Formation, the Paleocene Porters
Creek Clay, uzdifferentiated Eocene sediments, and Pliocene and Pleistocene continental deposits (Fig. 3.6).
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The erosion and subsequent fill of the ancestral Tennessee River valley during the Pleistocene is a
primary factor controlling the shallow geologic units beneath PGDP. During the Pleistocene, the ancestral
Tennessee River occupied a position close to the present-day course of the Ohio River, The southern edge of
the former Tennessee River valley underlies the PGDP site. Figure 3.7 presents a schematic north-south
cross-section of the geologic units extending from PGDP to the Ohio River.

At Site 3A, two deep boreholes were drilled during this Seismic Investigation. The first deep borehole
(DB-01) was drilled to a total depth of 359 ft bgs using a Rotosonic drilling technique (Fig. 2.6). In
addition, a natural gamma log was completed in DB-01. Figure 3.8 shows a comparison of the natural
gamma and lithologic logs for borehole DB-01. Stratigraphic interfaces between soil layers were observed
in the continuous Rotosonic core. The second deep borehole (DB-02) was drilled to a total depth of
400.3 ft bgs using mud rotary techmques (Fig. 2.6). No sampling was done in borehole DB-02 within the
McNairy Formation; however, seismic velocities were measured in DB-02 that were used to interpret
results of the p-wave survey. These results are described in the following paragraphs. ‘

3.3.1 Bedrock

Limestone, which is believed to be Mississippian-age Warsaw Limestone, subcrops beneath PGDP.
Deep borings at PGDP have typically encountered limestone bedrock at depths of approximately 335 to
350 ft bgs. A rubble zone, which consists of a 5- to 20-ft-thick layer of subangular chert and silicified
limestone fragments, immediately overlies bedrock at PGDP.

At Site 3A, bedrock was encountered at a depth of 400 ft bgs in borehole DB-02, which is deeper than
typically encountered at PGDP. The presence of a rubble zone on the bedrock surface could not be determined
at Site 3A because drilling was stopped upon encountering hard rock material. Results of the p-wave
survey (Appendix B) provide an indirect measure of depth to bedrock across the site. The top of the bedrock

interface has been inferred from the interpreted instantaneous phase sections presented for each seismic

reflection survey line in Appendix B. The p-wave survey results represent depth as two-way time
intervals in msec. By calibrating these profiles for the actual measured bedrock surface at DB-02, an
1nterpreted depth to bedrock has been inferred (Fig. 3.9). Calibration was performed using an average
seismic velocity of 4600 feet per second (fps) for the sediments overlying the limestone bedrock. This
average seismic velocity is relatively consistent with results of the seismic velocity log measured for DB-02
(Appendix E).

Based on these results, the depth to bedrock at Site 3A ranges from approximately 325 ft bgs in the
northwest corner of the site to as much as 425 ft bgs in the central and southeastern portion of the site. By
superimposing the land surface topography over the depth to bedrock interface data, an approximation of
the bedrock surface elevation can be developed, as shown in Fig. 3.10. The bedrock surface ranges in
elevation from a high of approximately 50 ft above msl in the northwest corner of the site to a low of 40 ft
below msl in the central and southeastern portion of the site. -

3.3.2 McNairy and Clayton Formations

Unconsolidated deposits of the Upper Cretaceous McNairy Formation overlie the rubble zone. This
formation is composed of interbedded and interlensing sand, silt, and clay deposits of marine origin. The
sands are typically well-sorted, fine-grained, micaceous, and commonly glauconitic (i.e., common rock-
forming minerals). Near PGDP, the McNairy Formation can be subdivided into three lithologic members:
(1) a 100- to 120-ft-thick sand-dominant lower member; (2) a 55- to 60-ft-thick middle member composed
predominantly of silty and clayey fine sand; and (3) a 60- to 70-ft-thick upper member consisting of

interbedded sands, silts, clays, and occasional gravels. Deposits of the Clayton Formation overlie the
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McNairy Formation. Because of difficulties in distinguishing between the Clayton and McNairy
Formations at PGDP, these lithologies have been grouped together and termed the McNairy Formation.
Total thickness of the McNairy Formation is typically 220 to 250 ft.

At Site 3A, the upper sand facies of the McNairy Formation was encountered in Rotosonic borehole
DB-01 at a depth of 155 ft bgs. A predominantly silt and clay facies was encountered below a depth of
approximately 180 ft bgs, and a lower sand facies was encountered below 255 ft bgs. The total thickness
of the McNairy Formation at DB-01 was 245 ft, which is somewhat greater than that typically
encountered at PGDP due to the lower bedrock interface at Site 3A.

The McNairy Formation interface was interpreted also in the p-wave survey data (Appendix B).
However, based on measured seismic velocities in DB-02, the reflection interface presented on the interpreted
instantaneous phase sections in Appendix B likely corresponds to the top of the lower sand facies, not the
upper sand facies. The top of the upper sand facies is not apparent in the seismic reflection survey data.

3.3.3 Porters Creek Clay

The Paleocene Porters Creek Clay occurs in southern portions of the DOE property as a massive,
glauconitic clay with lesser interbeds of sand overlying the McNairy Formation. A terrace slope of the
ancestral Tennessee River completely cuts through the thickness of the Porters Creek Clay under the
south end of PGDP (Fig. 1.1). The Porters Creek Clay is approximately 100 ft thick immediately southwest
of PGDP, but is absent or present only as thin isolated remnants, to the north of the terrace slope.

Outcrops of the Porters Creek Clay on DOE property are limited to a few isolated locations in the
bed of Bayou Creek and its tributaries. However, borehole data are sufficient to show that the top of the
Porters Creek Clay south of PGDP has significant topographic relief. Immediately south and west of
PGDP, the high elevation of the top of the Porters Creek Clay limits the development of a shallow
groundwater system in that area. A greater depth to the top of the Porters Creek Clay to the east of PGDP
permitted deposition of a relatively permeable Pliocene gravel near the surface.

At Site 3A, the Porters Creek Clay was encountered in several SPT borings, SCPT soundings, and
DPT boreholes, although in some cases the SCPT or DPT probes encountered refusal in overlying
sediments before reaching the Porters Creek Clay. The Porters Creek Clay was well defined in the s-wave
survey along survey Line 3S, but was less clearly defined along survey Line 2S. As a result, information
on the depth to the top of the Porters Creek Clay is sketchy in some areas, particularly in the eastern
portion of the site (Fig. 3.11). Where evident, the Porters Creek Clay was generally found at depths of
30 to 60 ft bgs. At the deeper Rotosonic borehole (DB-01), which penetrated beneath the Porters Creek Clay
into the McNairy Formation, the Porters Creek Clay was found to be 95 fi thick. Similarly, at borehole
Z-1 (installed in a previous investigation near the northwest corner of Site 3A), the Porters Creek Clay
was encountered between depths of 35 and 125 ft bgs, for a thickness of approximately 90 ft.

Figure 3.12 presents an approximation of the surface elevation of the top of the Porters Creek Clay,
developed by superimposing the land surface topography with the depth to the top of the Porters Creek
Clay interface data. The surface of the Porters Creek Clay at Site 3A ranges in elevation from a high of
approximately 365 ft msl in the southern corner of the site to a low of 330 ft msl in the northwest corner
of the site. A lower area is also present in the central and southeastern portion of the site, corresponding to
a lower area present in the top of the limestone bedrock.
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3 3.4 Eocene Depos1ts

Eocene sands, silts, and clays overhe the Porters Creek Clay south of PGDP Researchers have not
attributed these sediments to a specific formation. The thickness of the Eocene sediments approaches zero near
the terrace slope and increases southward to more than 100 ft. Eocene deposits do not underlie PGDP north of
Site 3A. It is unlikely that Eocene sediments are present at Site 3A, because the gravels encountered at Site 3A
are extensions of Pliocene gravels or are secondary deposits derived from erosion of the Pliocene gravels.

3.3.5 Continental Deposits

Pliocene and Pleistocene deposits unconformably overlie the Cretaceous through Eocene strata in the
vicinity of PGDP. The Pliocene deposits consist of lobes of poorly sorted, silty sand and gravel that occur
south of PGDP. These sediments represent an alluvial fan deposit that covered all of western Kentucky
and parts of Tennessee and Hlinois during the Pliocene Epoch. Beginning under the south end of PGDP and
extending north beyond the Ohio River, a thick sequence of Pleistocene continental deposits fills the
~buried valley of the ancestral Tennessee River. This sediment package consists of a basal sand and gravel
member, the Lower Continental Deposits, and an overlying finer-textured lithofacies, the Upper
Continental Deposits. Where fully developed, the Upper Continental Deposits include a bottom sand unit
overlaid by a thick silt and clay interval containing at least two horizons of sand and gravel.

Lower Continental Deposits. Pleistocene sand and gravel units, collectively averaging 30 ft thick,
underlie most of PGDP and the northern portion of the DOE property. Depth to the top of this lower
member is approximately 60 ft. The matrix is characteristically medium to coarse sand and chert gravel of
variable sorting. This unit is not present at Site 3A.

Upper Continental Deposits. The upper (Pleistocene) sediments include a wide variety of textures
within three depositional series. A basal sand unit is generally present, and has a fining upward texture,
becoming siltier toward the top of the basal unit. A middle unit occurs generally as a silty clay or clayey
silt, and has a thickness that varies widely from less than 10 to 40 ft. Sand and gravel deposits define an
upper unit. Texture and sorting are widely variable among the sand and gravel deposits. Other than the
broad lens character of some sand and gravel units, the Upper Continental Deposits do not contain
recognizable bedding features. Gradational textural changes are common. Silt and clay facies typically are
mottled and contain frequent vertical traces filled with lighter colored silt or clay. At PGDP, the Upper
Continental Deposits have become synonymous with the Upper Continental Recharge System (UCRS),
which is a zone of predominantly vertical groundwater flow that is confined to the shallow deposits of the
ancestral Tennessee River valley beneath the plant.

Terrace Deposits. At Site 3A, continental deposits directly overlie the Porters Creek Clay on top of
the Porters Creek Clay terrace. These Terrace Deposits are near-synchronous with the Upper Continental
Deposits and are similar to, and may be locally continuous with, the Upper Continental Deposits. The
term “Terrace Deposits” is used to differentiate the groundwater flow systems; groundwater flow in the
Terrace Deposits is predominantly lateral, confined below by the Porters Creek Clay. The Terrace
Deposits consist of clay, silt, sand, and gravel deposits similar to those of the Upper Continenta]‘Deposits.
Gravel deposits, particularly at depth, may be Pliocene-age or derived from Pliocene-age gravels present
south of the site. These gravel units typically occur below a depth of 15 to 20 ft at Site 3A. The
cumulative thickness of the Terrace Deposits varies from 20 to as much as 50 ft.

3.3.6 Surficial Deposits/Soils

Silt of the Pleistocene Peorian Loess and an older unit tentatively identified as the Roxanna Loess covers
~sediments both north and south of the buried terrace slope (DOE 1997). The loess deposit is virtually

02-097(doc)/072902 3.19




indistinguishable from a silt facies of the Upper Continental Deposits. Loess typically is 10 to 15 ft thick
beneath most of PGDP; however, construction activities have excavated the loess or replaced the loess
with fill material in many areas. At Site 3A, the loess is approximately 15 to 20 ft thick.

Radiocarbon age dating of the surficial deposits at Site 3A was completed as part of this Seismic
Investigation. Results are discussed in Sect. 6.2.3. The radiocarbon dates confirm that the loess is
generally late Pleistocene in age with “C dates ranging from 13,540 to 15,620 years before present, where
“present” is defined as 1950 A.D. (BP). In some areas, there are younger alluvial deposits at shallow
depths that fill former erosional features incised in the loess. The uppermost 3 to 4 ft may represent recent
alluvium of Holocene-age deposition or a composite age of organic matter due to bioturbation (e.g., animal
burrows or tree roots). These shallow Holocene-age alluvial deposits yielded '*C dates ranging from 3770 to
4190 years BP. '

Soils of the area are predominantly silt loams that are poorly drained, acidic, and have little organic
content. Six soil types are associated with PGDP as mapped by the Natural Resources Conservation
Service, formerly the Soil Conservation Service (USDA 1976). The dominant soil types, the Calloway and
Henry silt loams, consist of nearly level, somewhat poorly drained to poorly drained soils that formed in
deposits of loess and alluvium. These soils tend to have low organic content, low buffering capacity, and
acidic pH ranging from 4.5 to 5.5. The Calloway and Henry series have a fragipan horizon, a compact and
brittle silty clay loam layer that extends from 26 inches bgs to a depth of 50 inches or more. The fragipan
reduces the vertical movement of water and causes a seasonally perched water table in some areas. At
Site 3A, the Henry silt loam is the predominant soil type, although Calloway silt loam and Grenada silt
loam are present along the southeastern portion of the site near Dyke Road (USDA 1976).

3.4 SUMMARY OF SITE 3A STRATIGRAPHY

Stratigraphy at Site 3A has been defined through evaluation of the results of the seismic reflection
surveys, SCPT soundings, DPT boreholes, and mud rotary boreholes. Geologic cross-sections through the
site are presented in Figs. 3.13 through 3.16.

Limestone bedrock was encountered in the deep mud rotary borehole DB-02 at a depth of 400 ft bgs.
The bedrock surface varies between 325 to as much as 425 ft bgs, based on interpretations of the p-wave
survey data. The elevation of the bedrock surface ranges between 50 ft above msl and 40 ft below msl.

The McNairy Formation was encountered overlying bedrock. The formation was encountered in the
deep Rotosonic and mud rotary boreholes, but was not encountered in any of the shallow boreholes. The
upper sand facies of the McNairy Formation was encountered in Rotosonic borehole DB-01 at a depth of
155 ft bgs. This upper facies is a fine to very fine grained, poorly graded sand, light greenish gray to
grayish brown. The sand is predominantly quartz, but contains abundant glauconite. A predominantly silt
and clay facies was encountered below a depth of approximately 180 ft bgs. This middle facies consists of
a firm, plastic dark gray to black clay overlying a firm gray micaceous silt of low to medium plasticity. A
lower sand facies was encountered below 255 ft bgs. This lower facies is a fine to very fine, poorly
graded sand, light gray, with interbedded and laminated silt and clay lenses. The total thickness of the
McNairy Formation at DB-01 was 245 ft; the thickness of the unit is expected to be relatively constant
across the site based on the p-wave survey results.

Six soil zones have been delineated at Site 3A for purposes of interpreting site-specific stratigraphy
and geotechnical soil properties. These six soil zones are defined in the following paragraphs.
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Soil zone 6 is the Porters Creek Clay Formation. The Porters Creek Clay was encountered in several
SPT borings, SCPT soundings, and DPT boreholes, and was partially defined in the s-wave survey.
Where evident, the top of the Porters Creek Clay was generally found at depths of 30 to 60 ft bgs. At
borehole DB-01, which penetrated beneath the Porters Creek Clay, the unit was found to be 95 ft thick
and at borehole Z-1 (installed in a previous investigation near the northwest corner of Site 3A), the unit
was found to be 90 ft thick. The surface of the Porters Creek Clay at Site 3A ranges in elevation from 330
to 365 ft msl. The Porters Creek Clay is described in boring logs as a firm to hard, very dark gray to black
laminated silt and clay of low plasticity. Subsequent results of index property testing (Sect. 3.7.2.1) have
shown that the Porters Creek Clay is actually a silty sand of high plasticity. The unit is deSIgnated as soil
zone 6 in the cross-sections in Figs. 3.13 through 3.16.

Soil zones 2 through 5 represent the Terrace Deposits. The Terrace Deposits are typically present
below a depth of 15 to 20 ft bgs. The thickness of the deposits varies from 20 to as much as 50 ft. The
deposits vary considerably across the site in texture and stiffness and are present in beds that are not
laterally continuous across the site. Considerable variation and gradual transition between the soil zones is
common. The following generally describe the soil zones designated for the Terrace Deposits at Site 3A.

Soil zone 5 consists of a lower sand unit generally present below a depth of 32 ft bgs and directly
overlying the Porters Creek Clay. The unit consists generally of a fine to medium grained, poorly graded
sand, light brown, grading downward to a well graded sand and gravel, yellowish brown.

Soil zone 4 consists of interbedded silts and clays with occasional poorly graded sand lenses. The
deposits typically overly zone S deposits, but directly overly the Porters Creek Clay at SB-05. The soils
are generally firm, medium plasticity, light gray to brownish yellow.

Soil zone 3 consists of an upper sand unit generally present above a _depth of 32 ft bgs and often
directly underlying the ‘surficial loess deposits. The unit is similar to soil zone 5, consisting of a poorly
graded sand, light brown to yellowish brown, grading downward to well graded sand and gravel, light
brown to yellowish brown.

Soil zone 2 consists of an upper silt and clay unit directly underlying the surficial loess deposits. The
unit is similar to soil zone 4, consisting of a firm, light gray to yellowish brown clayey silt of medium
plasticity, with varying sand and gravel content.

Soil zone 1 is the surficial loess. Surficial deposits of loess were encountered from the ground surface
to a depth of 15 to 20 ft bgs. The loess deposits consist of a soft to firm, low to moderately plastic silt,
light brown or yellowish brown to light gray. The loess is generally late Pleistocene in age. In some areas,
there are younger alluvial deposits of Holocene age that fill former erosional features incised in the loess.

3.5 GROUNDWATER HYDROLOGY

The regional groundwater flow systems in the PGDP vicinity occur within the limestone bedrock,
McNairy Formation, Terrace Deposits, Lower Continental Deposits, and Upper Continental Deposits. Terms
used to describe the hydrogeologic flow system are the Bedrock Aquifer, McNairy Flow System, the
Regional Gravel Aquifer (RGA), the UCRS, and the Terrace Deposits Flow System. Specific components
of the regional groundwater flow system, shown in Fig. 3.17, have been identified and are defined in the
following subsections.
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3.5.1 Bedrock Aquer

leestone bedrock subcrops beneath PGDP at depths of 325 to 425 ft bgs. Groundwater productlon
from the bedrock aquifer comes from fissures and fractures within the limestone. Flow direction within the
Bedrock Aquifer is expected to approximate that of the overlying McNairy Flow System, flowing to the
north and northwest (USGS 1973). Relative to the overlying McNairy Flow System, there is
comparatively little flow in the Bedrock Aquifer.

3.5.2 Mc¢Nairy Flow System

This aquifer consists of the interbedded and interlensing sand, silt, and clay of the Cretaceous McNairy
Formation. A weathered rubble zone occurs at the top of the limestone bedrock that is hydraulically
connected to the McNairy Flow System. The sand in the McNairy Formation is an excellent aquifer in the
southeastern part of the Jackson Purchase Region; however, near PGDP, the McNairy Formation contains
significant amounts of silt and clay (LMES 1992). Regionally, the McNairy Formation recharges along
areas of outcrop in the eastern part of the region, near Kentucky Lake and Lake Barkley. Water
movement is north and northwest toward discharge areas in Missouri and along the Ohio River.

3.5.3 Regional Gravel Aquifer

The RGA underlies the plant area and the area to the north, but pinches out to the south along the
slope of the Porters Creek Clay terrace and is not present at Site 3A. The RGA is the dominant
groundwater flow system in the area extending from PGDP to the Ohio River. Regional groundwater flow
within the RGA trends north-northeast toward a base level represented by the Ohio River. The RGA
consists primarily of the coarse sand and gravel facies of the Lower Continental Deposits. Permeable
sands of the Upper Continental Deposits and the McNairy Formation, where they occur adjacent to the
Lower Continental Deposits, are included in the RGA. Regionally, the RGA includes the Holocene-aged
alluvium found adjacent to the Ohio River. .

354 Uppér Continental Recharge System

The UCRS consists of a thick, surface loess unit and the Upper Continental Deposits. Groundwater
flow in the UCRS is predominantly downward into the RGA, hence the term “recharge system.” Vertical
hydraulic gradients generally range from 0.5 to 1 ft/ft, where water levels can be measured by wells
completed at different depths in the UCRS. In general, the water table is less than 20 ft deep in the
western half and south quadrant of PGDP. Depth to water is as much as 40 ft in a broad trough in the
water table in the northeast and central areas of PGDP.

3.5.5 Terrace Deposits Flow System

A water table flow system developed in the Terrace Deposits provides some throughflow to the north,
across the Porters Creek Clay terrace, ultimately recharging the Upper Continental Deposits beneath the
plant. Most of this throughflow is realized east of PGDP, where Pliocene-age gravels are thickest. The
water table flow systems immediately south and west of PGDP generally discharge to Bayou Creek or to
the adjacent Upper Continental Deposits, because of the shallow depth of the Porters Creek Clay in those
areas. Depth to water within the Terrace Deposits south of PGDP ranges from approximately 10 to 35 ft
for the time period 1990 through 2000. Reported hydraulic conductivities for these flow systems range
from 1E-06 to 1.4E-03 cm/sec (DOE 1996).

At Site 3A, the depth to the water table could not be measured. In soil borings, the use of bentonite
drilling mud prevented direct measurement of the water table. In SCPT soundings, pore pressure
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measurements did not show increasing pressure with depth, so that a water table was not visible in the
data. Additionally, equilibrium data from pore pressure dissipation tests did not show the water table
either, because of reported negative pore pressure readings or because data did not reach equilibrium
conditions. Some of the data from sandier soil zones at depths of 28 to 38 ft bgs suggest the water table is
present at depths of 5 to 17 ft bgs. Previous investigations (CH2M Hill 1992) have indicated a water table
in the vicinity of Site 3A at depths of 5 to 15 ft bgs, consistent with these results. The inferred flow
direction is generally to the northwest, at a horizontal gradient of approximately 0.009 ft/ft, discharging to
the UCRS beneath the plant.

The water table fluctuates throughout the year in response to rainfall. At times of the year when the
water table is higher, flow within the Terrace Deposits Flow System may discharge locally to tributaries
of Bayou and Little Bayou Creeks. '

3.6 SUMMARY OF GROUNDWATER HYDROLOGY AT SITE 3A

At Site 3A, water levels were measured indirectly within the Terrace Deposits Flow System during
SCPT soundings through measurement of equilibrium pore pressures at various depths. Because of the
perched water conditions in several zones, lateral discontinuities, and highly variable fines content, these
measurements provide only general information on the direction of groundwater flow and thickness of the
more permeable hydrogeologic zones.

The water table appears to be present at depths of 5 to 17 ft bgs. Groundwater is present in thin zones
(less than 20 ft thick) that may not be laterally contiguous. The inferred flow direction is predominantly to
the northwest, discharging to the UCRS. Lateral flow to incised tributaries of Bayou and Little Bayou
Creek is also likely in areas near the creeks, especially during seasonal high water table conditions. :

The Porters Creek Clay, which is at least 90 ft thick at Site 3A, effectively separates the Terrace Deposits
Flow System from underlying aquifers. The McNairy Flow System and underlying Bedrock Aquifer are,
therefore, not of significant hydrogeologic interest at Site 3A. The RGA and UCRS are not present at Site 3A.

3.7 GEOTECHNICAL SOIL PROPERTIES AT SITE 3A

Geotechnical soil properties measured at Site 3A include both field and laboratory measurements of
soil type, index characterization, contaminant transport, consolidation, strength, and permeability.

3.7.1 Standard Penetration Test Results

Standard penetration testing involves driving a split spoon sampler into the bottom of a borehole using
a hammer of standard configuration. By counting the number of blows of the hammer required to drive the
sampler 12 inches, a measurement of the sample’s relative density or hardness can be made. This number of
blows is referred to as the N-value for that sample depth. At Site 3A, field measurements of SPT N-values
were obtained from both the shallow and deep mud rotary boreholes. The results of standard penetration
testing can usually be correlated in a general way with the pertinent physical properties of the soil. The
correlation for clays can be regarded as no more than an approximation, but that for sands is often reliable
enough to permit the use of N-values in foundation design (Peck, Hanson, and Thornburn 1974).
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Figure 3.18 summarizes the SPT N-values obtained from all borings and from depths up to 70 ft bgs.

-The data show wide variability, which is common in heterogeneous soil zones such as those present at Site 3A.

For this reason, the soil profile has been delineated into six different soil zones, representing generally

different soil types or depths of deposition, as discussed in Sect. 3.3. Table 3.1 lists the six soil zones that
were delineated for purposes of this analysis and their respective average N-values.

Table 3.1. Standard Penetration Test results for various soil zones

Values from SPT borings Values from SCPT soundings
Standard Standard Standard
Average deviation  Average deviation Average deviation
Soil N-value N-value  N'g-value N'g-value N'go-value N'go-value
Zone Soil description (blows/ft)  (blows/ft) .. -(blews/ft)  (blows/ft) (blows/ft) (blows/ft)
1 Loess, soft to firm, low to 1T 8.0 181 167 128 7 7 114
moderately plastic silt
2 Terrace Deposits, firm, medium 13.0 3.5 11.8 3.1 235 13.2
plasticity clayey silt
3 Terrace Deposits, dense, fine, 32.6 22.7 28.7 20.2 48.0 20.9
poorly graded sand/gravel
4 Terrace Deposits, firm, medium 16.5 11.9 12.7 9.4 16.6 8.5
plasticity silt/clay
5  Terrace Deposits, dense, fine to 335 26.8 22.7 17.8 37.3 234
medium, poorly graded sand/gravel
6 Porters Creek Clay, firm to hard, 48.2 23.4 31.6 15.5 31.9 7.2

low plasticity laminated silt/clay

Figure 3.19 summarizes the SPT N-values obtained from all borings up to 70 ft bgs, but differentiated
‘based on the soil zone designated for the specific sample. These plots do not show any specific trends with
depth but clearly show differences between soil zones. For soil zones 1 and 2, which consist predominantly
of medium to stiff silts and clays, SPT N-values generally range from 5 to 15 blows/ft. For soil zone 4,
which also consists of silts and clays, a broader range of SPT N-values was measured, predominantly
between 5 and 25 blows/ft. For soil zone 6, representing the harder silts and clays of the Porters Creek
Clay, the data show broad scatter, but are generally over 30 blows/ft. Data are broadly scattered for soil
zones 3 and 5, which represent loose to very dense sand and gravel deposits.

In saturated, fine or silty, dense or very dense sand, the N-values may be abnormally high because of
the tendency of such materials to dilate during shear under undrained conditions. In addition, the N-value in
sands is influenced to some extent by the depth at with the test is made, because of the greater confinement
caused by increasing overburden pressure. For this reason, a correction factor (Cy) is applied to the field
N-values in sands to obtain a corrected N-value that corresponds to an effective overburden pressure of
1 ton per square foot (tsf). This correction factor (ASTM D6066) is approximated by

Cx = (1/p)*’

where
0.5<Cn<2.0, and
p' = effective overburden pressure in tsf.

In addition, N-values can be corrected for the rod energy delivered to the SPT sampler. A Foremost
Mobile SPT Automatic Hammer was used in all mud rotary boreholes. The hammer has a calibrated
overall average SPT energy factor of 96.4%, which was applied as a further correction. The resulting
corrected N-values are referred to as N'sp-values.
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Figure 3.20 shows the corrected N'sp-values versus depth for all soil zones. Similar to F ig. 3.19, these
plots do not show any specific trends with depth, but clearly show differences between soil zones. Table 3.1
lists the average of the corrected N'g-values. Correcting the N-values for effective overburden pressure
results in a reduction in the average Ng,-values for soils below 16 ft depth. The impacts of this reduction
on liquefaction potential, particularly for the sandy soils in soil zones 3 and 5, are discussed in Chap. 5.

Cone penetrometer tip resistance has been related to SPT N-values so that SCPT data can be used in
existing SPT-based design approaches. Numerous factors affect the SCPT/SPT correlation, including the
rod energy delivered to the SPT sampler, the depth of the sample, the fines content and grain size of the
sample, and the specific soil behavior type (Lunne, Robertson, and Powell 1997). The SCPT data
presented in Appendix E have been correlated to equivalent N-values corresponding to an average energy
ratio of 60% and corrected for depth. These values, referred to as N's-values, are shown on the SCPT
profiles in Appendix E. Table 3.1 lists the average corrected N'so-values as interpreted from the SCPT
data. In general, the corrected N's;-values derived from the SCPT data show reasonable correlation to the
measured N'gp-values from the SPT borings.

Figures 3.21 and 3.22 present profiles of corrected N'so-values derived for paired sets of SPT borings
and SCPT soundings (i.e., borings and soundings drilled near one another). These plots show relatively
good correlation between the borings and soundings with respect to corrected N'so-values. The following
summarizes the comparisons of corrected N'q, plots between paired sets of borings and soundings.

e Boring SB01 and sounding SCO1 were installed in the southwest corner of Site 3A; a dense sand
layer at 20 to 21 ft bgs is apparent in both profile plots, although sounding SC01 encountered a dense
deposit between 17 to 19 ft bgs as well.

¢ Boring SB02 and sounding SC04 were installed in the northwest corner of Site 3A; a dense sand
layer at 20 to 22 ft bgs is apparent in both profiles. However, in sounding SC04, a second very dense
sand and gravel deposit was also encountered between 24 to 29 ft bgs as well. Below 40 ft bgs,
interbedded sands and gravels of varying density were encountered in both the boring and sounding,
but the depths of the denser zones do not match between them.

e Boring SB03 and sounding SC09 were installed in the center of Site 3A nearly 60 ft apart. A very
dense sand deposit was encountered in SB03 at 24 to 28 ft bgs that was evident in SC09 at 30 to 34 ft
bgs. Similarly, a dense gravel deposit was encountered in SB03 just above the top of the Porters
Creek Clay at 48 ft bgs; dense sands and gravels were also encountered in SC09 between 46 and 49
ft bgs.

¢  Boring DB02 and sounding SCO8 were installed in the southeast portion of the site near Hobbs Road
and are located nearly 126 ft apart. A moderately dense sand was encountered in both at a depth of 29
ft bgs. A very dense sand and gravel deposit was encountered in DB02 between 54 and 58 ft bgs; this
same deposit was encountered in SCO8; however, the materials were very dense over a broader depth
range of 50 to 60 ft bgs.

In summary, results of standard penetration testing at Site 3A (as defined by the N's;-values) show that the
clayey and silty soil zones (1, 2, and 4) are medium stiff to stiff, with only slight increases in N'g-values
with depth. Data for the sandier soil zones (3 and 5) are broadly scattered, which indicates a range of
loose to very dense deposits. N'sp-values for soil zone 6, representing the Porters Creek Clay, also show
broad scatter but average over 30 blows/ft, which indicates firm to hard deposits. Plots of the N'¢,-values
show relatively good correlation between paired sets of SPT borings and SCPT soundings.
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3.7.2 Geotechnical Laboratory Test Results

The purpose of the geotechnical laboratory testing is to collect information on site-specific soil
behavior for use in subsequent analysis of liquefaction, fate and transport, settlement, bearing capacity,
and seismic design at Site 3A. Table 3.2 lists the types of geotechnical properties that were tested, the
purpose of each test, and where the test results are subsequently used in this report.

Index properties are tested so as to characterize the type of soil in a sample and are subsequently
used in the liquefaction, settlement, and bearing capacity models in Chaps. 4 and 5. Fate and transport
properties are tested to assess the contaminant release and migration behavior of a soil sample and are
used in the fate and transport model in Chap. 4. Consolidation properties are tested to assess the amount
and rate of consolidation of a sample and are used in the settlement model in Chap. 4. Strength properties
are tested to assess the bearing and shear strength of a soil sample for use in the bearing capacity model in
Chap. 4. Seismic properties are tested to assess the peak ground acceleration and design ground motions
in the seismic desigh model in Chap. 7.

Geotechnical laboratory analyses were conducted on 48 split spoon samples and 44 Shelby tube
samples taken from the soil borings. Results of the geotechnical analyses are summarized in Tables 3.3
and 3.4. The geotechnical laboratory data sheets are included in Appendix E. The following discusses the
geotechnical soil properties for each of the six soil zones. '

3.7.2.1 Index Properties

Geotechnical index properties are tests used to characterize the type of soil in a sample by describing
its wetness, plasticity, unit weight, proportion of soil voids, and proportion of sand, silt, or clay-sized
particles. These results are subsequently used to support analysis of liquefaction, settlement, and bearing
capacity in Chaps. 4 and 5. '

Geotechnical index properties of soils include moisture content, Atterberg limits, specific gravity,
density, void ratio, and grain size distribution. Moisture content, Atterberg limits, specific gravity, and
grain size distribution were measured in disturbed split spoon samples; moisture content, density, and
void ratio were measured in relatively undisturbed Shelby tube samples. Table 3.5 presents the average
values of the geotechnical index properties as measured for each soil zone.

Moisture content. Natural moisture content measures the percentage of the weight of the water
within the soil to the dry weight of the soil aggregate, and is, therefore, indicative of the degree of wetness
of the soil. The moisture contents of the split spoon samples varied between 11.2 and 67.6%. Lower
moisture contents were typically measured for samples in the sandier zones, with an average of 15.1% in
zone 3 and 19.2% in soil zone 5. Higher moisture contents were typically measured in the clays and silts, with
an average of 34.7% in zone 4 and 55.9% in zone 6. In soil zone 6, the moisture content was frequently
lower than the sample’s plastic limit, which would be consistent with an overconsolidated soil deposit.

The moisture contents of the Shelby tube samples showed good correlation with split spoon samples.
Moisture contents varied between 13.8 and 75.3%, with higher moisture content (average 59.4%)
measured in zone 6 soil samples.

Atterberg limits. Atterberg limits tests were conducted on split spoon samples, and are indicative of
the plasticity of the fine-grained fraction of the soil. The liquid limit represents the moisture content of the
soil at a point where the soil begins to “flow,” and is the upper (wetter) limit of the soil’s plastic range.
The plastic limit represents the moisture content of the soil at a point where the soil begins to “crumble,”
and is the lower (drier) limit of the soil’s plastic range.
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Table 3.2. Explanation of geotechnical testing

Geotechnical prdpérty ‘

" Why tested

Index properties
Moisture content
Atterberg limits
Specific gravity
Dry density

Void ratio
Grain size distribution

Fate and transport properties
Hydraulic conductivity
(Shelby tube)

Hydraulic conductivity
(pore pressure dissipation)
Partitioning coefficient

Consolidation properties
Preconsolidation pressure
Compression index
Coefficient of consolidation

Strength properties
U-U shear strength

Seismic properties

Shear wave velocity

To characterize the type of soil in a sample

by defining the following:

» degree of wetness of soil

¢ plasticity of fine-grained soil
» weight of soil grains

» weight of soil mass

» proportion of soil voids
» proportion of sand, silt, and clay

To assess contaminant release and migration

behavior by defining the following:

o vertical permeability of fine-grained soil

o horizontal permeability of coarse-grained

soil layer
¢ contaminant affinity to soil mass

To assess the amount and rate of

consolidation by defining the following:

e maximum historical soil load
¢ load-settlement relationship
¢ ' time rate of consolidation

To assess the bearing and shear strength of
“* soil by defining the following
e frictional and cohesional strength behavior

To assess the PGA and design ground

motion by defining the following:

» seismic shear-wave velocity profile

Liquefaction potential, Sect. 5.6
Liquefaction potential, Sect. 5.6
Weight-volume calculations
Settlement model, Sect. 4.3;

* Bearing capacity model, Sect. 4.4

Settlement model Sect. 4.3
Liquefaction potential, Sect. 5.6

the and transport model, Sect. 5.2
Fate and transport model, Sect. 5.2

Fate and transport model, Sect. 5.2

Settlement model, Sect. 4.3
Settlement model, Sect. 4.3
Settlement model, Sect. 4.3

Bearing capacity model, Sect. 4.4

Sgisr;}ig design“@od’el, Sect. 7.2

U-U = unconsolidated-undrained
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Table 3.3. Results of geotechnical testing of split spoon samples

Moisture Liquid Plastic Plasticity Partitioning
Sample  Depth USCS content limit limit index Gravel Sand Fines Specific __coefficient %Eﬂ—‘g!
Station no. (feet)  symbol (%) (%) (%) (%) (%) (%) (%) gravity  P'Np Te¢
SB-01 3 4-6 - CL 27.6 31 19 12 0.1 2.0 97.9 2.68 NA NA
4 10-12 CL 22.9 28 17 11 04 122 87.4 2.63 38 NR
8 18-20 SC 13.3 21 12 9 15.3 47.6 37.1 2.67 NA NA
I 24-26 MH 64.4 102 53 50 0.0 6.5 93.5 2.58 NA NA
15 32-34 MH 554 95 53 42 0.0 29.4 70.6 2.65 NA NA
19 44-46 MH 66.4 103 60 43 0.0 25.4 67.9 2.56 NA NA
SB-02 3 4-6 CL 24.6 32 20 12 04 1.9 97.7 2.68 NA NA
5 12-14 CL 233 30 19 i1 0.0 4.1 95.9 2.68 NA NA
9 20-22 SC 14.6 29 16 13 220 58.6 19.4 262 402 0.17
15 32-34  CL-ML 17.9 20 13 7 0.6 43.0 56.3 2.67 NA NA
19 44-46  SP-SM 21.6 NP NP NP 18.5 72.5 85 2.67 NA NA
22 50-52  SP-SM 22.8 NP NP NP 0.0 87.6 12.4 2.67 NA NA
24 54-56 SM 56.9 81 60 21 3.0 74.3 25.7 2.58 NA NA
27 60-62 SM 67.6 90 65 26 0.0 78.0 22.0 2.60 NA NA
SB-03 4 6-8 CL 23.7 31 20 11 0.1 29 97.1 2.70 NA NA
7 16-18 CL 20.9 30 16 14 03 8.2 91.5 2.47 NA NA
11 24-26 CL 14.3 21 12 9 4.0 394 55.5 2.66 48 NR
17 36-38 CL 30.0 43 21 22 0.0 8.0 92.0 2.55 NA NA
19 44-46 MH 62.6 106 50 56 0.0 12.6 874 2.25 NA NA
23 52-54 CL 213 28 15 13 1.5 37.1 61.4 2.38 NA NA
26 62-64 SM 56.9 91 65 26 0.0 77.3 229 2.04 NA NA
SB-05 4 6-8 CL 26.9 38 20 18 2.0 4.6 934 2.64 305 :0.16
6 14-16 ML 17.0 NP NP NP 0.0 24 97.6 2.07 NA . NA
10 22-24 GC 15.0 NA NA NA 30.2 28.7 41.1 2.36 NA - NA
i4 30-32 sSC 238 35 14 25 15.5 582 263 2.46 NA : NA
18 42-44 SC 23.7 46 15 31 21.6 33.7 44.6 NA NA “NA
19 48-50 MH 66.2 103 6! 42 0.0 304 69.6 2.24 NA - NA
21 52-54 SM 62.3 89 65 24 0.0 84.7 15.3 2.23 NA NA
SB-06 3 6-8 CL 292 35 20 15 0.0 2.3 97.7 2.65 30 0.13
6 14-16 CL 22.0 32 16 16 2.1 9.9 88.0 2.64 NA NA
10 22-24 CL 13.3 28 13 15 7.4 325 60.1 2.65 NA NA
14 36-32  GW-GC 16.3 28 16 12 543 38.0 7.7 2.61 NA NA
18 38-40 SC 17.8 27 14 13 214 39.1 3958 2.64 NA NA
20 42-44 SP i1.2 NA NA NA 0.0 98.8 1.2 NA NA NA
22 46-48 MH 66.7 117 50 67 0.0 4.1 95.9 2.50 232 NR
23 54-56 SM 18.8 85 63 22 0.0 76.6 234 2.50 NA NA
N \ )
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Table 3.3. Results of geotechnical testing of split spoon samples (continued)

Moisture Liquid Plastic Plasticity ﬁ B Partitioning

Z06ZL0/(20P)L60-20

Sample  Depth USCS content limit limit index Gravel Sand Fines Specific _ coefficient (L/kg)

Station no. (feet)  symbol (%) (%) (%) (%) (%) (%) (%) gravity  *'Np PTc
DB-02 3 8-10 CL 18.7 29 20 9 0.5 46 94.9 2.62 NA NA
7 16-18 CL 243 40 16 24 0.1 6.8 93.1 2.63 NA NA

11 24-26 CL 21.7 32 14 18 24 321 65.6 2.63 NA NA

14 30-32 CL 19.9 25 12 13 5.0 37.0 58.0 2.63 NA NA

17 36-38 CL 249 39 18 21 0.2 15.1 84.7 2.70 153 0.2

19 44-46 SC 215 29 13 16 7.1 63.3 29.6 2.60 NA NA

21 48-50 ML 24.7 44 NP NP 0.1 11.5 85.4 2.66 47 NR

24 54-56 SM 18.7 NP NP NP 8.6 61.3 30.1 2.64 NA NA

27 60-62 SM 21.0 NA NA NA 21.3 58.2 20.5 2.78 116 0.32

30 69-70 SM 61.4 90 82 8 0.0 68.3 3.7 253 14 1.42

31 89-91 SM 66.7 97 70 27 0.5 71.7 27.8 2.52 79 0.53

32 109-111 SM 60.0 90 63 27 0.0 75.7 243 2.51 NA NA

6¢-¢

CL = lean clay

GC = clayey gravel

GW = well-graded gravel

MH = elastic silt

ML = inelastic silt

NA = not analyzed

NP = non-plastic

NR = not reported (no breakthrough of permeant)
SC = clayey sand '

SM =silty sand

SP = poorly graded sand

USCS = Unified Soil Classification System (ASTM D 2487)
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Table 3.4. Results of geotechnical testing of Shelby tube samples

Moisture Hypothetical Virgin Coefficient of Apparent Apparent
Sample  Depth content  Dry density Permeability Initial void preconsolidation compression consolidation, ¢, friction angle,¢ cohesion, ¢
Station  no. (fY) (%) (pcf) {cm/sec) ratio, €, pressure, ¢',, (tsf) index, C, (cm/sec) {degrees) (tsf)
SB-01 1 6-8 28.5 98.8 1.4E-07 0.671 0.57 0.12 0.007 5.9 0.42
2 8-10 204 107.1 4 9E-07 0.561 0.74 0.11 0.007 L7 1.33
3 34-34.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A
4 36 NA N/A N/A N/A N/A N/A N/A N/A N/A
5 46-47.5 573 60.2 3.3E-05 1.986 7.35 0.44 0.122 N/A N/A
6 48-49.5 59.6 59.6 3.0E-05 1.956 7.34 0.41 0.138 N/A N/A
SB-02 1 6-7.9 28.6 96.6 3.3E-07 0.897 2.36 0.24 0.028 2.6 0.56
2 8-9.6 225 104.0 2.7E-07 0.627 0.93 0.11 0.075 10.8 1.81
3 34-36 17.8 113.6 2.9E-07 0.438 3.97 0.12 0.022 10.8 0.89
4 36-38 N/A N/A N/A N/A N/A N/A N/A N/A N/A
5 62-63.5 63.2 57.8 5.0E-05 1.899 7.32 0.34 0.139 N/A N/A
6 64-65.2 N/A N/A N/A N/A N/A N/A N/A N/A N/A
SB-03 1 8-9.4 23.0 105.0 1.4E-06 0.679 1.02 0.13 0.065 0.0 7.14*
2 10-11.9 20.9 72.8 3.2E-07 0.593 4.39 0.10 0.052 16.3 2.06
3 38-40 23.0 103.0 6.6E-08 0.616 4.10 0.17 0.033 33 2.63
4 40-42 259 98.7 4.4E-08 0.685 5.14 0.24 0.011 35 2.20
5 54 N/A N/A N/A N/A N/A N/A N/A N/A N/A
6 56-57.6 59.8 57.2 1.1E-05 1.989 419 0.45 0.073 N/A N/A
7 64-65 59.6 60.3 N/A 2.025 3.10 0.39 0.061 N/A N/A
8 66-67 56.1 59.7 1.5E-05 2.114 2.1 0.32 0.076 N/A N/A
SB-05 1 8-10 228 103.4 1.4E-07 0.661 0.33 0.063 024 12.1 0.76
2 i0-11.5 23.6 i04.1 i.5E-07 0.7389 1.65 0.13 0.023 8.5 0.21
3 32-34 13.8 119.8 3.2E-08 0.440 4.85 0.10 0.046 53 0.73
4 34-36 15.8 116.2 7.0E-08 0.521 1.89 0.12 0.066 4.5 1.55
5 44-45.8 60.3 59.1 5.4E-08 2.020 8.00 0.48 0.069 N/A N/A
6 46-47.6 75.3 51.0 N/A 2.044 3.43 0.42 0.061 N/A N/A
7 54-55.3 59.1 59.1 1.8E-07 1.823 3.17 0.30 0.057 N/A N/A
8 56-57.3 60.8 59.3 1.8E-05 1.857 7.42 0.27 0.082 N/A N/A
SB-06 i 4-59 26.8 99.2 9.3E-06 0.713 0.80 0.095 .065 i5.8 0.0
2 8-10 N/A NA N/A N/A N/A N/A N/A N/A N/A
3 48-49.5 58.4 63.1 5.4E-08 2.015 4.11 0.33 130 N/A N/A
4 50 N/A N/A N/A N/A N/A N/A N/A N/A N/A
5 52-53 N/A N/A N/A N/A N/A N/A N/A N/A N/A
DB-02 l 4-6 25.6 116.8 8.4E-06 0.750 1.05 0.105 0.061 1.9 1.36
2 6-8 N/A N/A N/A N/A N/A N/A N/A N/A N/A
3 38-39.7 214 106.5 2.0E-06 0.617 7.3 0.17 0.103 10.4 1.2
4 71-71.8 N/A N/A N/A N/A N/A N/A N/A N/A N/A
5 73-73.9 61.5 57.4 4.2E-05 2.035 6.51 0.43 0.148 N/A N/A
. N
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8 Table 3.4. Results of geotechnical testing of Shelby tube samples (continued)
[=2
o
?. Moisture Hypothetical Virgin Coefficient of Apparent Apparent
A Sample Depth content Dry density Permeability Initial void preconsolidation compression consolidation, ¢, friction angle, ¢ cohesion, ¢
é Station no. (ft) (%) (peh) (cm/sec) ratio, e; pressure, o'y, (tsf) index, C, (cm?/sec) (degrees) (tsf)
8 DB-02 6 93-95 N/A N/A N/A N/A N/A N/A N/A N/A N/A
~ (cont.) 7 95-96.2 57.8 57.6 4.9E-07 2.045 4.88 0.53 0.053 N/A N/A
8 111-112.5 54.6 63.8 N/A 1.596 7.50 0.29 0.056 N/A N/A
9 113-113.9 57.8 61.9 1.4E-06 1.783 8.00 0.30 0.029. N/A N/A
{0 131-131.8 57.8 64.2 1.9E-07 1.557 6.50 0.09 0.020 N/A N/A
11 133-1339 50.8 65.5 3.2E-05 1.424 3.55 0.27 0.025 N/A N/A

*U-U test conducted at one confining pressure only so that ¢ and ¢ values may not reflect the true slope of the rupture envelope.
NA = not analyzed

pef = pounds per cubic foot

82083



Table 3.5. Average index properties for each soil zone

Soil zone

Index property units 1 2 3 4 5 6
Moisture content, w, (split spoon) % 243 20.1 15.1 347 19.2 55.9
Moisture content, w, (Shelby tube) % 24.3 —_— — 19.6 —_ 594
Liquid limit, LL % 32 32 25 56 28 89
Plastic limit, PL % 19 15 14 28 14 60
Specific gravity, S.G. — 2.66 2.60 2.50 2.57 2.67 243
Dry density, y, pef 100.8 — e 109.6 — 59.8
Initial void ratio, e, — 0.69 — — 0.55 — 1.89
Fines content, P200, (< 0.075 mm) % 94 4 77.6 43.1 69.9 20.3 40.6

— indicates no Shelby tube samples tested from this soil zone.
pef = pounds per cubic feet

Soils in zones 1 and 2 consist predominantly of moderately plastic lean clays with liquid limits
ranging from 28 to 40, and averaging 32. Zone 4 soils consist of lean clays similar to zone 2 soils, but
three samples consisted of higher plasticity elastic silts with liquid limits as high as 106. The average
liquid limit for zone 4 soils is 56. Liquid limits for soils in zones 3 and 5 represent the plasticity of the
fine-grained fraction of the sample; these are typically lower plasticity silts and clays, with liquid limits
ranging from 21 to 29, with some non-plastic soil fractions. Liquid limits for soils in zone 6, the Porters
Creek Clay, are generally between 81 and 117, typical of very high plasticity elastic silts, although one
sample from soil zone 6 had a liquid limit of only 28, and may represent a transition from zone 4 soils.

Plastic limits test results reveal trends similar to the liquid limits test results, with lower values
measured for soils in zones 3 and 5 and higher values measured in soil zone 6. Plasticity charts, which are
plots of liquid limit versus plastic limit, can be used during design to correlate (indirectly) the properties
of silts and clays, such as their dry strength, compressibility, reaction to shaking, and consistency. A
plasticity chart is presented in Fig. 3.23 for all samples from the six soil zones. The chart indicates the
Unified Soil Classification System (USCS) group symbols for the fine-grained fractions of each soil sample.

Specific gravity, dry density, and void ratio. Specific gravity, dry density, and void ratio are index
properties used to define the weight-volume relationships of soils and are indicative of the degree of
compactness of the soil, as well as the relative weight of the soil aggregate. Based on the average values
presented in Table 3.5, soils in zones 1 through 5 exhibit similar characteristics, with specific gravities
averaging between 2.50 and 2.67. Unit weight and void ratio could only be measured in relatively
undisturbed Shelby tube samples, which were not taken from soils in zones 2, 3, or 5. Dry densities for
soils in zones 1 and 4 averaged 100.8 and 109.6 pounds per cubic foot (pcf), respectively; void ratios for
zones 1 and 4 soils averaged 0.69 and 0.55, respectively. These results indicate that soils in these zones
are loose to moderately compact.

Results for soils in zone 6, the Porters Creek Clay, are notably different from those of the overlying
deposits. The specific gravity is lower, averaging 2.40, indicating the presence of lighter-weight soil
constituents or minerals. The dry density of soils in zone 6 averages only 59.8 pcf and the void ratio is
high, averaging 1.89, which indicates that the soil is light weight and loose.

Grain size distribution. Grain size distribution is used to describe the soil composition and
classification. The grain size distribution is quite variable in soils at Site 3A, even within individual soil
zones. Therefore, this discussion of grain size is a generalization of overall conditions and is not to be
considered indicative of individual samples or lenses within a given soil zone.
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Soils in zone 1 exhibit the greatest uniformity of any of the six soil zones. The soils are fine-grained
with 87 to 98% of the material finer than the No. 200 sieve (<0.075 mm). Soils in zone 2 are similar, but
contain greater percentages of sand and gravel; the fines content in zone 2 ranges between 60 and 93%, and
averages 77.6%. Soils in zone 4 are similar to those of zone 2, but contain even greater percentages of
sand with an average fines content of 69.9%.

Soil zones 3 and 5 represent the coarser-grained deposits at Site 3A; however, the fines content

ranges considerably between samples. In soil zone 3, fines content ranges between 8 and 98%; the highest
fines content was measured in a non-plastic silt at a shallow depth (14 to 16 ft bgs), and may represent a
gradation of zone 2 soils. Average fines content in soil zone 3 was 43.1%, indicating a fairly high
percentage of silt and clay. Average fines content in soil zone 5 is 20.3%, indicating a greater proportion
of cleaner sand deposits.

Soils in zone 6 represent the Porters Creek Clay, where the fines content was found to range
considerably between samples, from 15 to 96%. Average fines content was 40.6%, indicating that much
of the Porters Creek Clay is actually a very fine sand with a high elastic silt content.

Summary of index properties testing. The results of the index property testing of soil samples from
Site 3A are used to characterize the types of soils encountered in samples from each soil zone.

Soil zones 1 and 2 are similar in character. The soils are moderately wet, moderately plastic lean clays
of medium density. The soils have a high fines content; soils in zone 1 average more than 94% fines and
those in zone 2 average 78% fines, indicating that soil zone 2 contains slightly more sand than soil zone 1.

Soil zone 4, while similar to soil zone 2, contains some samples consisting of higher plasticity elastic
silts with liquid limits as high as 106. The soils have a high fines content (70%), indicating slightly less
proportion of sand as soils in zone 2. The soils are of medium density.

Soil zones 3 and 5 are similar in character to one another. The soils are relatively dry, clayey or silty
sands. The fines content varies considerably between samples, with soils in zone 3 containing a higher
portion of low-plasticity clay and soils in zone 5 containing a greater proportion of cleaner sand.

Soils in zone 6, the Porters Creek Clay, contain an average of 41% fines, indicating that much of the
Porters Creek Clay is actually a very fine sand with a high elastic silt content. Moisture content of soils in
zone 6 is high and plasticity is very high, with liquid limits up to 117. The specific gravity, void ratio, and
density of the Porters Creek Clay are notably different from those of the overlying deposits and indicate
that the soil is light weight and loose.

3.7.2.2 Fate and Transport Properties

Fate and transport properties are tests used to assess the contaminant release and migration behavior
of a soil sample by describing its permeability and contaminant affinity to the soil mass. These results
were subsequently used to support the development of the fate and transport model in Chap. 4.

Fate and transport properties tested for soils at Site 3A include permeability testing of relatively
undisturbed Shelby tube samples and contaminant partitioning (or distribution) coefficients for selected
radionuclides using split spoon samples. In addition, permeability was indirectly measured in the field
using the results of pore pressure dissipation tests conducted at selected depth intervals in the SCPT
soundings. Table 3.6 presents the average values of the geotechnical fate and transport properties as
measured for each soil zone.
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Table 3.6. Average fate and transport properties for each soil zone

— ot SR - e e Soxl ey
Fate and transport property Units 1 2 3 4 5 6
Hydraulic conductivity, &, (Shelby tube) T Temfsec 2.E-06 — T T— T 4E-07 " — " 2E-05
Hydraulic conductivity, %, (pore pressure dissipation) cm/sec  — — 3.E-05 —  5.E-( —
ey e T o
Partitioning coefficient, K, C°Tc) Likg 0.42 (0.17)
Partitioning coefficient, XK, ( 37Np) Likg 133 (53)

— indicates no samples tested from thls soxl zone.
Note: only arithmetic averages given in table.
K4 coefficients averaged across all soil zones; recommended conservative value is indicated in parentheses.

Permeability. Hydraulic conductivity is a measure of the relative rate that water flows through a soil
under a unit hydraulic gradient, and is, therefore, indicative of the permeability of the soil. Similar to grain
size distribution, the permeability is quite variable in soils at Site 3A, even within individual soil zones.
Therefore, this discussion of permeability is a generalization of overall conditions and is not to be considered
indicative of individual samples or lenses within a given soil zone. Vertical permeability values were
measured in the laboratory and horizontal permeability values were estimated from results of field testing.

Vertical hydraulic conductivity was measured in the laboratory on selected Shelby tube samples
from soil zones 1, 4, and 6. No Shelby tube samples were collected from soil zones 2, 3, or 5. No Shelby
tube samples were collected from soil zone 2 because the materials could not be differentiated from soil
zone 1 materials in the field; properties of soil zone 2 materials are expected to be similar to those of soil
zone 1 based on their similar index properties. No Shelby tube samples were taken from soil zones 3 or 5
because those soil zones consist predomlnantly of sands and gravels from Wthh collectlon of Shelby tube
samples is not approprlate '

In soils from zone 1, the upper loess zone, hydraulic conductivity values range from 1.4E-07 to
9.3E-06 cm/sec, and average 2.E-06 cm/sec, which is typical of a low-permeability silty clay. In soils
from zone 4, the lower silt and clay zone, hydraulic conductivity values are even lower, ranging from
3.2E-08 to 2.E-06 cm/sec, and averaging 4.E-07 cm/sec. As a result, soils in zone 4 would be expected to
impede vertical movement of permeating groundwater. In soils from zone 6, the Porters Creek Clay, hydraulic
conductivity values are highly variable, ranging from 5.4E-08 cn/sec to as high as 5.0E-05 cm/sec. The
arithmetic average hydraulic conductivity in soil zone 6 is 2.E-05 cm/sec, and the geometric average is
3.E-06 cm/sec. The geometric average would be characteristic of the Porters Creek Clay for vertical
movement of groundwater. It should be noted that because of the high stiffness of the Porters Creek Clay,
which resulted in most of the Shelby tube samples reaching refusal penetration at more than 1000 psi of
hydraulic pressure, the Shelby tube samples may be somewhat disturbed, which could result in measurement
of higher hydraulic conductivities in the laboratory than representative of the undisturbed soil.

Horizontal hydraulic conductivity was estimated using results of field testing. Estimates of hydraulic
conductivity for the coarser-grained deposits (silty sands and gravels) observed at Site 3A were calculated
based on the results of the pore pressure dissipation tests in SCPT soundings (Appendix E). Test results
were analyzed by plotting pore pressure versus square root of time, then identifying the time to achieve
90% equilibrium (ts), in accordance with the Taylor Method (Winterkorn and Fang 1975). Time to achieve
50% equilibrium (tso) was then calculated using rate of consolidation theory for Case 3 (sine curve initial
pore pressure). Empirical relationships (Lunne, Robertson, and Powell 1997) were then used to estimate
horizontal hydraulic conductivity based on the ts, time derived from the square root of time plot. Test
results were also analyzed by identifying time to achieve 50% equilibrium (tso) in accordance with the
Cassagrande Method (Winterkorn and Fang 1975). Empirical relationships (Parez and Fauriel 1988) were

02-097(doc)/072902 3.45



used to estimate horizontal hydraulic conductivity based on the ts, time derived from the log of time plot.
In addition, because the cone penetrometer used in this study had a tip area of 15 cm’, all hydraulic
conductivity values were multiplied by a correction factor of 1.5.

Table 3.7 summarizes these results. Horizontal hydraulic conductivities for these coarser-grained
deposits are calculated to range from 2E-06 to 2E-04 cim/sec, which would be expected for a silty sand or silt,
and are, therefore, somewhat lower than would be expected for clean sand or gravel. The average hydraulic
conductivity for soil zone 3 is similar to that of soil zone 5 (3E-05 and 5E-05 cm/sec, respectively). Hydraulic
conductivities are expected to vary widely across the site, depending on fines content in the deposit.

Table 3.7. Estimates of horizontal hydraulic conductivity from pore pressure dissipation tests

Test location Depth (m) Depth (ft) tog (sec)” tso (s€C) k (cm/s)” tsp (sec)’ k (cn/s)”

SCO1 5.5 ~18.0 149 45 4 E-06 52 1 E-05
SCo0s5 5.36 17.6 128 39 S E-06 33 2 E-05
SCO06 493 16.2 90 27 - 7E-06 42 1 E-05
7.68 25.2 289 87 2 E-06 72 7 E-06
SCo8 9.16 30.0 161 48 4 E-06 48 1 E-05
15.56 51.0 25 8 3 E-05 5 2 E-04
SC09A 13.28 43.6 52 16 " 1E-05 21 3 E-05
14.64 48.0 104 31 6 E-06 30 2 E-05
SC10 10.68 35.0 21 6 3 E-05 12 7 E-05
11.57 379 42 13 2 E-05 19 4 E-05
SB07 54 17.7 13 -4 5E-05 5.2 2E-04
Arithmetic average 1.5 E-05 5.6 E-05
Geometric average 9 E-06 3E-05

" tgo derived using Taylor square-root-of-time method.
b Source: (Lunne, Robertson, and Powell 1997).

¢ tso derived using Cassagrande log-of-time method.

4 Source: (Parez and Fauriel 1988).

Estimates of hydraulic conductivity for the finer-grained deposits (silts and clays) observed in SCPT
soundings at Site 3A were not attempted because laboratory measurements were obtained. In many
overconsolidated and fissured materials (such as those present at Site 3A), a dissipation test may first show
an increase in pore pressure with time, reaching a peak value, and subsequent decrease in pore pressure with
time. This type of response, termed dilatory dissipation, provides no clear 50% completion criterion, and
the approach used for coarser-grained deposits is not applicable. Rigorous mathematical derivation based
on cavity expansion-critical state solution to dilatory porewater decay with time has been developed, but
relies on sample-specific dilation properties measured in the laboratory. Because finer-grained materials in
Shelby tube samples were tested directly for permeability values in the laboratory, estimates based on
dissipation tests are less reliable and, therefore, not attempted.

Partitioning Coefficient. The partitioning (or distribution) coefficient (K4-value) is a measure of the
relative concentration of a chemical or radionuclide in water to its concentration in the soil matrix, and is
therefore indicative of the tendency of that constituent to either adsorb to the soil particles or to migrate
through the soil. Partitioning coefficients were measured in the laboratory on selected split spoon samples
from each of the six soil zones. These samples were tested using both *Tc and *’Np solutions to
determine their respective partitioning coefficients. These constituents were selected for testing because
they have been found to be important contributors to risk as a result of contaminant migration in previous
modeling at PGDP.

A total of 11 samples were selected for analysis. K4 values were determined based on distribution
ratios derived using ASTM D4319 for 4 separate contact periods (3, 7, 10, and 14 days). Average
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distribution ratios for any given sample showed good correlation for 7 contact days and beyond.

Therefore, the Ky-values reported here are the average distribution ratio values measured in the laboratory

for contact periods of 7, 10, and 14 days.

The partitioning coefficients did not show any trend according to soil zone, nor did they show any
trend according to percent fines content. Because inorganic contaminants like *Tc¢ and *'Np tend to
adsorb to the fine-grained fractions within a soil sample, this lack of trend is unexpected.

Table 3.3 presents results for individual samples. Values for Z"Np showed wide variation, from a
low of 14 L/kg to a high of 402 L/kg. The average value for "Np was 133 L/kg and the median was
79 L/kg. Because the data appear to be divided generally into two distinct ranges (one between 14 and
116 L/kg, and the other between 153 and 402 L/kg) the average and median values may be biased high. If
only the lowest range of values were to be considered, then the average partitioning coefficient for “"Np
would be 53 L/kg. This is a conservative value that would be appropriate for use in fate and transport
calculations for any contaminant migration modeling at Site 3A.

Values for **Tc also showed wide variation, from a low of 0.13 to a high of 1.42 L/kg. The average
value for ®Tc was 0.42 L/kg and the median was 0.20 L/kg. No K4-value could be reported for 4 of the 11
samples tested, because there was no break-through in the permeant within the 14-day maximum contact
period. The data again appear to be divided generally into two ranges: one between 0.13 and 0.20 L/kg,
and the other between 0.32 and 1.42 L/kg. If only the lowest range of values were to be considered, then
the average partitioning coefficient for *Tc would be 0.17 L/kg. This is a conservative value that would
be appropriate for use in fate and transport calculations for any contaminant migration modeling at Site 3A.

Summary of fate and transport properties testing. The results of the fate and transport properties
testing of soil samples from Site 3A are used to assess the contaminant release and migration behavior of
soils encountered in samples from each soil zone. S e

Soil zones 1 and 2 are expected to be similar based on their similar index properties. Average vertical
hydraulic conductivity (2.E-06 ci/sec) is typical of a low permeability silty clay.

Soil zone 4 contains high-plasticity elastic silts with vertical hydraulic conductivity values that are
even lower (average 4.E-07) than soil zones 1 and 2. As a result, soils in zone 4 could be expected to
impede vertical movement of groundwater.

Soil zones 3 and 5 show similar fate and transport characteristics to one another. Horizontal hydraulic
conductivity values average 3.E-05 and 5.E-05 cm/sec, respectively, which would be expected for a silty
sand or silt and, therefore, somewhat lower than would be expected for clean sand or gravel.

Soil zone 6, the Porters Creek Clay, demonstrates highly variable permeabilify, rangirig from 5.E-08
to 5.E-05 cm/sec. The geometric average (3.E-06 cm/sec) would be characteristic for vertical movement
of groundwater, typical of a low-permeability silty clay.

Partitioning coefficients showed wide variation between test samples and did not correlate with either the
soil zone or fines content. A conservative estimate of the K;-value for 237Np is 53 L/kg and for ®Tc is
0.17 L/kg. These conservative values are recommended for any subsequent fate and transport modeling
for Site 3A.

3.7.2.3 Consolidation Properties
Consolidation properties are tests used to assess the amount and rate of consolidation of a soil

sample under an applied load by describing its maximum historical soil load, load-settlement relationship,
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and time rate of consolidation. These results are subsequently used to support analysis of the settlement
model in Chap. 4.

Consolidation, or compressibility, properties were measured using the results of one-dimensional
consolidation tests on relatively undisturbed Shelby tube samples selected from soil zones 1, 4, and 6. No
Shelby tube samples were collected from soil zones 2, 3, or 5 because soils in zone 2 could not be
differentiated from soils in zone 1 in the field and because soils in zones 3 and 5 consist predominantly of
sands and gravels. Table 3.8 presents the average values of the geotechnical consolidation properties as
measured for each soil zone.

Table 3.8. Average consolidation properties for each soil zone

: ' Soil zone v
Consolidation property Units 1 2 3 4 5 6
Hypothetical effective tsf 14 — — 4.5 — 5.6
preconsolidation pressure, ¢/,
Existing effective pressure, o', tsf 0.5 — —_ 1.7 — 2.7
Recompression index, C, 0.03 — — 0.03 — 0.09
Virgin compression index, C, 0.12 — — 0.15 — 0.36
Coefficient of consolidation, ¢, cm?/sec 0.04 — o 0.05 — 0.08

— indicates no sampies tested from this soil zone.

Preconsolidation pressure. A soil is preconsolidated (or overconsolidated) if it has ever been
subjected to a pressure in excess of its present overburden pressure. The previous pressure may have been
caused by the weight of soil overburden that later eroded or by desiccation because of water level changes.
The preconsolidation pressure is a measure of the maximum effective overburden pressure that likely
existed in the past. The pressure is not measured directly, but is derived through graphical interpretation
of the consolidation curve (plot of applied pressure versus void ratio), and is, therefore, an estimate of the
hypothetical preconsolidation pressure.

For soils in zone 1, representative of the loess zone, the average preconsolidation pressure is 1.4 tsf.
The average existing overburden pressure averages 0.5 tsf, approximately 0.9 tsf less than the preconsolidation
pressure. For soils in zone 4, the average preconsolidation pressure is 4.5 and the average existing
effective pressure is 1.7 tsf, approximately 2.8 tsf less than the preconsolidation pressure. For soils in zone
6, representative of the Porters Creek Clay, the average preconsolidation pressure is 5.6 tsf and the
existing effective pressure averages 2.7 tsf, approximately 2.9 tsf less than the preconsolidation pressure.
Based on these results, it can be inferred that the deeper soil zone 4 and 6 deposits exhibit a similar
history of preconsolidation, but that much less preconsolidation is exhibited by the soil zone 1 loess
deposits. An erosional sequence likely occurred at some point above the zone 4 soils, but below the
zone 1 soils. This is consistent with the geologic description of Site 3A.

Compression index. The compression index is the slope of the consolidation curve and is a measure
of the amount of consolidation that occurs under increasing loads. The virgin compression index is the slope
of the consolidation curve at pressures higher than the preconsolidation pressure. The recompression
index can be roughly inferred from the slope of the curve at pressures less than the preconsolidation
pressure, or during unloading (rebound) of the testing apparatus. Because in the laboratory there is little
difference in slope between rebound and recompression curves, it is assumed that field consolidation is
roughly equal to the laboratory rebound curve. Because the recompression index is much smaller than the
virgin compression index, errors are minimal. In settlement computations, precompressed layers can often
be considered incompressible (Terzaghi and Peck 1948).
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Soils in both zones 1 and zone 4 exhibit similar compression characteristics, despite their differences

_in preconsolidation. The average virgin compression index for soil zone 1 is 0.12 and for soil zone 4 is 0.15.

The average recompression index for soil zone 1 is 0.03 and for soil zone 4 is 0.03. Soils in zone 6,
representative of the Porters Creek Clay, exhibit much greater compressibility, albeit a much higher
degree of preconsolidation. The average virgin compression index for soil zone 6 is 0.36, and the average
recompression index is 0.09.

Coefficient of consolidation. Consolidation of a soil layer occurs gradually over time as the water
drains out of the soil to relieve water pressures imposed by a constant load. The mechanics of the time
delay are influenced by the permeability of the soil, the load applied, and the length and geometry of the
water flow path through the soil. These mechanics are standardized in a consolidation test by using a
standard geometry of the testing apparatus and by considering a standard degree of consolidation at a
given time. The coefficient of consolidation is a measure of the time to achieve consolidation under a
given load increment and is derived using solutions of differential equations for the testing geometry. It is,
therefore, an indirect measure of the time it takes for consolidation to occur and inversely proportional to
the degree of consolidation; that is, the higher the value the shorter the time to achieve the same degree of
consolidation. The coefficient of consolidation was determined for each testing load increment using the
Taylor square-root-of-time graphical method (Winterkorn and Fang 1975). The average coefficient of
consolidation for a given sample was then determined by averaging the values within a range of load
increments corresponding to the approximate existing overburden pressure.

For soil zone 1, the average coefficient of consolidation is 0.04 cm?/sec, for soil zone 4 it is
0.05 cm?/sec, and for soil zone 6 it is 0.08 cm’/sec. The values vary considerably between samples and
between test load increments, from less than 0.01 cm?/sec to more than 0.15 cm*/sec.

~ Summary of consolidation properties testing. The results of the consolidation properties testing of
soil samples from Site 3A are used to assess the amount and rate of consolidation of soils encountered in
samples form each soil zone.

Soil zone 1 demonstrates some preconsolidation, with a preconsolidation pressure averaging 1.4 tsf,
and moderate compressibility, with a compression index of 0.12. The average coefficient of consolidation
for soil zone 1 is 0.04 cm”/sec, indicating a relatively fast rate of consolidation would be expected for this soil
zone. Soil zone 2 would be expected to be similar to soil zone 1 based on their similar index properties.

Soil zones 4 and 6 exhibit a similar history of preconsolidation that is much higher than soil zone 1,
inferring than an erosional sequence likely occurred at some point above soil zone 4 but below soil zone 1.
The average coefficient of consolidation for these soil zones is somewhat higher, indicating a slightly
slower rate of consolidation than soil zone 1. The compressibility of soil zone 4 is similar to that of soil
zone 1, but soil zone 6, the Porters Creek Clay, is more than twice as compressible, with an average
compression index of 0.36.

Soil zones 3 and 5 were not tested for consolidation properties because they are predominantly sands
and gravels.

3.7.2.4 Strength Properties
Strength properties are tests used to assess the shear strength of a soil by describing its frictional and
cohesional behavior under an applied load. These results are subsequently used to support analysis of the

bearing capacity model in Chap. 4.

Soil strength properties were measured using the results of unconsolidated-undrained triaxial compression
tests on relatively undisturbed Shelby tube samples selected from soil zones 1 and 4. No Shelby tube samples
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were collected from soil zones 2, 3, or 5 because soils in zone 2 could not be differentiated from soils in
zone 1 in the field and because soils in zones 3 and 5 consist predominantly of sands and gravels. Shelby tube
samples collected from soil zone 6 were either of insufficient volume or exhibited disturbance (fracturing)
during sampling because of the high stiffness of the Porters Creek Clay and could not be tested. Table 3.9
presents the average values of the geotechnical strength properties as measured for each soil zone.

Table 3.9. Average strength properties for each soil zone

Soil zone
Strength property Units 1 2 3 4 5 6
Apparent friction angle, ¢ ‘ degrees 9.5 - - 6.3 — N/A
Apparent cohesion, ¢, (U-U tests) tsf 0.95 — — 1.5 — N/A

— indicates no samples tested from this soil zone.
N/A = not available.

Unconsolidated-Undrained Shear Strength. Unconsolidated-undrained shear strength parameters
measure the shear strength of the soil in a condition under which the stresses are changed so rapidly with
respect to the ability of the soil to drain that no dissipation of pore pressure takes place. These extreme
conditions are rarely realized in the field, but they represent conservative limiting conditions of soil
strength. Unconsolidated-undrained shear strength is used in a total stress analysis, disregarding the
effective stress reduction because of pore pressure increases during loading.

The shear strength of a soil under varying normal stresses is represented on a Mohr’s rupture
diagram (plot of normal stress versus shear stress). The rupture line is derived graphically by interpreting
an envelope surrounding multiple failure circles. For this investigation, the laboratory typically performed
the U-U test using three separate confining loads, resulting in three failure circles for each sample. The
shear strength envelope is represented by two parameters: the apparent friction angle and the apparent
cohesion. The apparent friction angle, o, is the slope of the rupture line and the apparent cohesion, c, is
the intercept of the rupture line (shear stress at the point where normal stress is zero). For clays, the
friction angle is generally zero, so that the shear strength is constant under all loads. For clean sands and
gravels, the cohesion is generally zero, so that the shear strength increases under increasing load. Soils
between these two extremes exhibit characteristics of both.

Soil zone 1 represents the upper loess deposits and consists of lean clays of moderate plasticity. The
strength parameters (¢ and c) varied considerably between individual tests. Apparent friction angle, @, varied
between 1.7 and 16.3°, averaging 9.5°. The apparent cohesion, ¢, varied between 0.0 and 2.1 tsf, averaging
0.95 tsf. Soil zone 4 represents deeper elastic silts and lean clays. The apparent friction angle varied between
3.3 and 10.8°, averaging 6.3°. The apparent cohesion varied between 0.7 and 2.6 tsf, averaging 1.5 tsf.

Summary of strength properties testing. The results of the strength properties testing of soil
samples from Site 3A are used to assess the shear strength of soils encountered in samples from each soil
zone. For the Seismic Assessment, strength properties were measured under unconsolidated-undrained
conditions that would be expected under relatively quick loading.

Soil zones 1 and 4 demonstrated similar strength characteristics, with low apparent friction angles
(average 9.5° and 6.3°, respectively) and moderately high apparent cohesion (average 0.95 and 1.5 tsf,
respectively). Soil zone 2 would be expected to be similar to soil zone 1 based on its similar index
properties and similar results of field testing (N's;-values).
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Soil zone 6 samples could not be tested because there was either insufficient volume or disturbance
(fracturing) in the sample. Estimated strength parameters for soil zone 6 are discussed further in Chap 4
in development of the bearing capacity model.

Soil zones 3 and 5 were not tested for strength properties because they are predominantly sands and
gravels from which Shelby tube samples could not be taken.

3.8 SEISMIC SOIL PROPERTIES AT SITE 3A

Seismic properties were tested in the field at Site 3A to assess the shear-wave velocity of the soil
profile. These results are subsequently used in the seismic design model in Chap. 7 to derive PGA and
design ground motions. Seismic velocities (both compression and shear) were measured directly in the
field in the seismic velocity log of deep borehole DB-02 and in the SCPT soundings.

Seismic compression-wave velocities measured at DB-02 are presented in Appendix E and in
Fig. 3.24. As shown in Fig. 3.24, compression-wave velocities generally increase with depth, although
lower compression-wave velocities were measured in the Porters Creek Clay. Compression-wave
velocities in the uppermost loess deposits were between 1500 and 3000 fps. Compression wave velocities
within the Terrace Deposits (to a depth of 60 ft bgs in DB-02) were between 4500 and 5500 fps.
Compression-wave velocities within the Porters Creek Clay (to a depth of 155 ft bgs in DB-02) were
between 4900 and 5300 fps and within the McNairy Formation were between 5300 and 6000 fps.

Seismic shear-wave velocities measured at DB-02 and in the SCPT soundings are presented in
Appendix E. Figure 3.24 presents the shear-wave velocities at DB-02. As with the compression-wave
velocities, the shear-wave velocities shown in Fig. 3.24 generally increase with depth. Figure 3.25
summarizes the shear-wave velocities obtained from all soundings and from depths up to 70 ft bgs. The
data show a generally increasing shear-wave velocity with depth. However, the data also show fairly wide
scatter across all SCPT soundings.

Figure 3.26 summarizes the shear-wave velocities obtained from all soundings up to 70 ft bgs
grouped by soil zone. The plots shown on Fig. 3.26 show generally increasing shear-wave velocity with
depth, and marked differences in average shear-wave velocity between soil zones. Table 3.10 summarizes
the average shear-wave velocity value and standard deviation by soil zone. For soil zone 1, which consists
of shallow silty and clayey loess deposits, shear-wave velocities are relatively low, ranging between 400
and 800 fps. For soil zones 2 and 4, which consist predominantly of alluvial silts and clays, shear-wave
velocity values generally range from 600 to 1200 fps. For soil zone 6, representing the deeper silts and
clays of the Porters Creek Clay, shear-wave velocities generally range from 800 to 1300 fps. Data are
broadly scattered for soil zones 3 and 5, which represent loose to very dense sand and gravel deposits.
Shear-wave velocities for these coarser-grained materials range from as low as 800 fps to as high as 1900 fps.

Table 3.10. Summary of seismic shear-wave velocity results for each soil zone

Average seismic shear-wave velocity, ‘Standard deviation of seismic
Soil zone ) Vs (ft/sec) shear-wave velocnty, Vs (ft/sec)
2 921 208
3 1250 352
4 913 159
5 1068 251
6

28 20 _
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3.9 SUMMARY

This chapter described the physical characteristics of the subsurface at PGDP based upon results of
the field characterization completed at Site 3A.

Bedrock was encountered at a depth of 400 ft bgs in borehole DB-02 at Site 3A. The bedrock surface
varies between 325 to as much as 425 ft bgs. The McNairy Formation was encountered overlying the
bedrock, below a depth of approximately 155 ft bgs between 30 and 60 ft bgs. The Porters Creek Clay
was encountered, in turn, overlying the McNairy Formation. Depth to the top of the Porters Creek Clay
varied. Terrace Deposits typically overly the Porters Creek Clay to a depth of 15 to 20 ft bgs. Surficial
loess deposits were encountered overlying the Terrace Deposits. In some areas, younger alluvial deposits

of Holocene age fill former erosional features incised in the loess.

Soils within the uppermost 70 ft of the soil profile were grouped into six different soil zones for
purposes of interpreting geotechnical and seismic soil properties at Site 3A. These properties, including
index, fate and transport, consolidation, strength, and seismic properties, are used in subsequent chapters
of this report in developing a geotechnical design model, evaluating liquefaction potential, and
developing a seismic design model for Site 3A.
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~ 4.GEOTECHNICAL DESIGNMODEL

Chapter 3 described the physical characteristics of Site 3A and presented the results of the field and
laboratory testing conducted during the Seismic Investigation. This chapter develops a geotechnical design
model of the site conditions, using the information and designated soil zones presented in Chap. 3. Average
geotechnical properties for each soil zone are summarized in Table 4.1. Geotechnical design considerations
regarding fate and transport, settlement, and bearing capacity of a potential on-sitt CERCLA Wwaste
disposal facility are discussed. This information would be used in any 'subsequent evaluatlon of the
technical feasibility and effectiveness of such a fac1hty

Table 4.1. Average geotechnical properties for each soil zone

T T - TSR
Geotechnical property Units 1 2 3 4
T T T Indexproperiies —

Moisture Content, w % 24 20 15 20-35 19 56-59
Liquid Limit, LL % 32 32 25 56 28 89
Plastic Limit, PL % 19 15 14 28 14 60
Specific Gravity, S.G. — 2.66 2.60 2.50 2.57 2.67 243
Dry Density, ys pef 100.8 — _ 109.6 —_ 59.8
Initial Void Ratio, ey — 0.69 — — 0.55 — 1.89
Fines Content, P200, (< 0.075 mm) % . 944 77.8 433 74.2 20.3 43.0

Consolidation properties
Hypothetical effective preconsolidation pressure, ¢, tsf 14 — — 4.5 — 5.6
Existing effective pressure, o', tsf 0.5 — — 1.7 27
Recompression index, C, —_ 0.03 — — 0.03 — 0.09
Virgin compression index, C, — 0.12 —_ — 0.15 — 0.36
Coefficient of consolidation, ¢, cmisec  0.04 — — 005  — 0.08

Shear strength properties ’ '
Apparent friction angle, ¢ degrees 9.5 — e 6.3 — N/A
Apparent cohesion, ¢, (U-U tests) tsf 0.95 — — 1.5 — N/A
N'so-value (from SPTs and SCPTs) blows/ft 17-18 12-20 29-46  13-15 23-26 25-32

Fate and transport properties
Hydraulic conductivity, &, (Shelby tube) cm/sec 2.E-06 — — 4E-07 — - 2E-05
Hydraulic conductivity, &, (pore pressure dissipation) cm/sec — — 3.E-05 — 5.E-05 —
, e e e R T T T s et oss all soll ZOMes

Pamtlomng COefﬁCICnt Kd (99Tc) L/kg O 42 (O 17) T T N 4 S Sy ST T
Partitioning coefficient, Kq (237Np) Likg_ 133 (53)

K, coefficient averaged across all soxl zones; recommended conservanve value is mdlcated in parentheses
N'go = corrected SPT blow counts

N/A = not available

SCPT = Seismic Cone Penetrometer Test ~ =~

SPT = Standard Penetration Test '

U-U = unconsolidated-undrained

4.1 BACKGROUND - CONCEPTUAL FACILITY DESIGN

A potential on-site CERCLA waste disposal facility could be designed to accommodate varying
waste disposal strategies. Under a comprehensive strategy for CERCLA waste disposal, a facility could
be designed to handle waste volumes generated through ultimate decontamination and decommissioning
of PGDP, including nonhazardous and nonradioactive solid waste, as well as hazardous and/or radioactive

waste meeting the waste acceptance criteria established for the facility. This comprehensive strategy '
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would manage approximately 3,100,000 yd®, which is estimated to be the greatest volume of waste that
could be considered for placement in a potential on-site CERCLA waste disposal facility (DOE 2001).
Other strategies would manage lesser volumes of waste. Therefore, this geotechnical design model has
been developed considering a facility designed to accommodate 3,100,000 yd®. Allowing approximately
10% of the Volume for interim soil cover, such a facility would need to have an overall capacity of
3,400,000 yd®.

The facility would be constructed as an above-ground disposal cell with ancillary facilities. Based on’
the prOJected comprehensive waste volumes and conceptual facility design, the waste dlsposal facility
would require a total area of at least 110 acres. Of that, the disposal cell would occupy approximately
32.5 acres, and the containment dike would occupy another 51.5 acres. Support facilities, perimeter roads,
ditches, and buffer zones would occupy the remaining 26 acres.

The conceptual design of the disposal cell is shown on Fig. 4.1. The disposal cell would likely
include the following components:

* a clean-fill perimeter dike, which would be an embankment approximately 40 ft abovegrade, 100 ft
wide at the crest, with 6:1 (horizontal:vertical) side slopes;

e  a geologic buffer of native recompacted loess;

e  a 6-ft-thick multilayer base liner system consisting of primary and secondary flexible membrane and
clay liners, primary and secondary leachate collection/detection systems, and a protective soil layer; and

e a 16-ft-thick multilayer cap consisting of a low-permeability clay liner, a flexible membrane liner, a
drainage layer, a biointrusion layer, and a soil-rock matrix cover.

The waste fill would be placed within the clean-fill dike to a total thickness of approximately 80 ft.
The total height of the disposal cell, including base liner and cap, would therefore be approximately 102 ft
above existing grade (6 ft base liner, 80 ft waste, 16 ft cover).

The waste forms that may be considered for disposal in the potential on-site CERCLA waste disposal
facility could include soil, sediment, concrete, scrap metal, building demolition debris, and other dry
waste forms. The bulk unit weight of such materials is estimated to average approximately 115 pcf.

4.2 FATE AND TRANSPORT MODEL

The conceptual site model for fate and transport is a statement of known site conditions that serves as
the framework for fate and transport modeling. These site conditions include hydrogeologic and transport
properties. Site-specific geology, hydrogeology, and geotechnical soil properties are presented in Chap. 3
and summarized below. Previous groundwater flow model development for other areas at PGDP has
added nsight into aquifer properties and transport parameters.

4.2.1 Hydrogeologic Properties

Soil zone 6, the Porters Creek Clay, is generally encountered at depths below 30 to 60 ft bgs. The
surface elevation of the top of the formation at Site 3A ranges from 365 to 330 ft msl. The Porters Creek
Clay is a firm to hard laminated silt and clay of low to very high plasticity. Because the formation has a
low permeability (arithmetic average 2.E-05 cm/sec and geometric average 3.E-06 cm/sec) and is
approximately 90 ft thick at Site 3A, it represents a barrier to vertical (downward) migration of
groundwater. The primary hydrogeologic units of concern at Site 3A, therefore, occur within the Terrace
Deposits overlying the Porters Creek Clay.
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Terrace Deposits are typically present below a depth of 15 to 20 ft bgs. The thickness of the deposits
varies between 20 to 50 ft. The deposits vary considerably across the site in texture and stiffness and are
present in beds that are not laterally continuous across the site. As such, the unit is designated as four
separate geotechnical soil zones for interpreting soil properties. The following generally describe the zones.

Soil zone 5 consists of a lower sand unit generally present below a depth of 32 ft bgs and directly
overlying the Porters Creek Clay. The unit consists generally of a fine to medium, poorly graded sand
grading downward to a well-graded sand and gravel. Index property testing indicates low fines content
(average 20%) and variable USCS classifications of SP-SM and SC. Results of pore pressure dissipation
tests suggest an average hydraulic conductivity of 5.E-05 cm/sec for soil zone 5.

Soil zone 4 consists of interbedded silts and clays with occasional poorly graded sand lenses. The
deposits typically overly zone S deposits, but directly overly the Porters Creek Clay at SB-0S. The soils
are moderately to highly plastic silts and lean clays (USCS classification MH or CL) that are moderately
dense, with low permeability averaging 4.E-07 cm/sec.

Soil zone 3 consists of an upper sand unit generally present above a depth of 32 ft bgs and often
directly underlying the surficial loess deposits, The sands have relatively high fines content (average of
43%) and variable USCS classifications of SC, ML, CL, and GW-GC. Results of pore pressure
dissipation tests suggest an average hydraulic conductivity of 3.E-05 cm/sec for soil zone 3.

Soil zone 2 consists of an upper silt and clay unit directly underlying the surficial loess deposits. The
unit is similar to both soil zones 1 and 4, with an average of 78% fines and moderate plasticity.

Soil zone 1 (loess) consists of low to moderately plastic silts or lean clays (USCS classification CL).
The soil is moderately dense, with a low permeability averaging 2.E-06 cm/sec.

The Terrace Deposits Flow System is a water table flow system that has developed in these units.
The Terrace Deposits Flow System provides some throughflow to the north, across the Porters Creek
Clay terrace, ultimately recharging the Upper Continental Deposits beneath the plant. Results of pore
pressure dissipation tests and previous investigations suggest the water table within the Terrace Deposits
Flow System is present at depths of 5 to 17 ft bgs. Flow is generally to the northwest, at a horizontal
gradient of approximately 0.009 ft/ft, discharging to the UCRS beneath the plant. Because of their higher
permeabilities, flow within the water table is predominantly within soil zones 3 and 5.

The water table fluctuates throughout the year in response to rainfall. At times of the year when the
water table is higher, flow within the Terrace Deposits Flow System may discharge locally to tributaries
of Bayou and Little Bayou Creeks.

A water balance accounts for the components of the hydrologic cycle of a site and estimates the amount
of rainfall that returns to the atmosphere as evapotranspiration, exits the site as surface runoff, or infiltrates
the site as groundwater recharge. Groundwater recharge is the amount available to promote contaminant
migration away from a waste source. Previous groundwater flow models at PGDP have provided an
estimate of the groundwater recharge budget. The annual rainfall for the PGDP averages 50 inches/year. Of
this rainfall total, approximately 4.6 inches of water infiltrate through the UCRS to the RGA.

4.2.2 Transport Properties

Partitioning coefficients (K4-values) were determined for this Seismic Investigation for *’Np and
**T¢. These data showed wide variation between test samples and did not correlate with either the soil
zone or fines content. Conservative estimates of the respective K -values are recommended for use in fate
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and transport calculations for any contaminant migration modeling at Site 3A. These estimates were
developed considering only the lowest range of values measured in the laboratory for each constituent. A
value of 57 L/kg is recommended for *’Np and a value of 0.17 L/kg is recommended for *Tc.

4.2.3 Assumed Contaminant Release Mechanisms and Migration Pathways

A portion of rainwater falling on the surface of a waste disposal cell would infiltrate through the cover
materials into the disposed wastes and is thereby expected to produce leachate. The primary mechanism
of contaminant migration is expected to be percolation of rain water, which would subsequently react
with the disposed wastes and produce leachate (i.e., dissolved-phase contaminants in equilibrium with
source materials). Four processes causing the reactions may be considered: solubility limited, surface
rinse, diffusion, and uniform release (dissolution). Thereafter, the leachate would migrate downward into
the leachate collection system, and would be removed from the disposal cell. For the purpose of this
discussion, it is assumed that the leachate collection system would no longer function and that the
leachate, rather than being collected and removed, would migrate out of the bottom of the cell, through
the unsaturated zone, and into the water table. Once a contaminant reaches the water table it would be
expected to migrate with groundwater through advection and dispersion to the receptor location. The
Terrace Deposits Flow System discharges to the UCRS beneath the plant, and the UCRS in turn recharges
the RGA. Groundwater in the RGA ultimately migrates beyond the DOE property boundary discharging
to the Ohio River.

4.3 SETTLEMENT MODEL

Because the disposal cell would be constructed above ground, settlement of the base liner system can
be expected to occur as a result of consolidation of the underlying clayey and silty soil zones. As the
disposal cell is filled, the weight of the waste, liner, and cover materials would cause an increase in
effective pressure at considerable depth. The soil would respond to such increased pressure by
consolidating, or compressing, in accordance with its specific consolidation properties, as presented in
Sect. 3.7.2.3. This response is depicted in a consolidation curve (plot of applied pressure vs. void ratio) as
measured in the geotechnical laboratory; consolidation curves for samples collected in this Seismic
Investigation are presented in Appendix E and summarized in Sect. 3.7.2.3.

For the potential disposal cell, the total height of fill would be 102 ft at a unit weight of 115 pcf,
which would result in a pressure increase of 5.87 tsf. Because the disposal cell would cover more than
84 acres, it is assumed that this load would be felt throughout the depth of the soil profile to the bottom of
the Porters Creek Clay. Because the McNairy Formation consists predominantly of sands, settlement of
the McNairy Formation is disregarded in this settlement model. The following additional assumptions
have been made in developing the settlement model.

e  The water table is assumed to be present at a depth of 15 ft bgs.

e  The loess (soil zone 1) is assumed to be left in place and is not removed or recompacted. This results
in a conservative estimate of settlement. Soil zone 1 is assumed to be 20 ft thick. The existing
effective pressure at the midpoint of soil zone 1 is 0.50 tsf, based on the average index properties
presented in Table 4.1. '

e  FElastic silt and lean clay (soil zone 4) is assumed to underlie soil zone 1 and to be 30 ft thick. Soil
zones 2, 3, and 5 are disregarded for this analysis. Soil zone 2 may be disregarded because it is similar

_in its properties to both soil zones 1 and 4. Soil zones 3 and 5, which contain greater proportions of
sands and gravels, are likely to be less compressible than soil zone 4. Therefore, soil zones 3 and 5
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may be disregarded as a conservative estimate of settlement. The existing effective pressure at the
midpoint of zone 4 is 1.5 tsf.

e The Porters Creek Clay (soil zone 6) is assumed to underlie soil zone 4 and to be 100 ft thick. The
Porters Creek Clay was modeled as two separate layers, each 50 ft thick, so that settlement could be
estimated more accurately. The existing effective pressures at the midpoints of these two layers are
2.5 and 3.3 tsf, respectively.

e All layers are assumed to exhibit behavior consistent with their average consolidation properties, as
presented in Table 4.1.

e = The McNairy Formation is assumed to be incompressible.

Settlement was calculated for each soil zone assuming recompression occurs for loads up to its
respective preconsolidation pressure, and that virgin consolidation occurs for the remaining load. The
average preconsolidation pressure for each soil zone is presented in Table 4.1. Settlement was calculated
using the following general equation (Peck, Hansen, and Thornburn 1974):

S=C./(1+ep) * H * logo((c'v + Ap)/ ©')),

where
S = estimated settlement in ft,
C. = consolidation index,
€, = void ratio,
H = thickness of soil layer in ft,
o', = existing effective overburden pressure in tsf, and
Ap = change in pressure in tsf.

Table 4.2 presents the results of the settlement calculations for the 102-ft high disposal cell. Total
settlement is estimated to be as much as 5.2 ft in the center of the disposal cell area. Nearly 3.2 ft of the
total settlement is estimated for the Porters Creek Clay. As discussed in Sect. 3.6.2, the high stiffness of
the Porters Creek Clay resulted in most of the Shelby tube samples reaching refusal penetration, which
could have disturbed the samples. Sample disturbance could result in higher consolidation ratios and void
ratios and lower unit weights for the Porters Creek Clay samples. This could result in an overestimation
of the actual predicted settlement.

Table 4.2. Estimated consolidation settlement of 102-ft high fill at Site 3A

Reconsolidation Virgin consolidation  Total consolidation

Soil zone Thickness (ft) settlement (ft) settiement (ft) settlement (ft)
1 20 0.16 0.93 1.09
4 30 0.27 0.68 0.95
6a 50 0.52 1.19 1.71
6b 50 0.43 1.06 1.49
TOTAL 150 1.38 3.86 5.24

BRPETve—

Differential settlement across the disposal cell would likely occur due to variations in soil properties,
thickness of underlying soil zones, and distance from the perimeter of the clean-fill dike. Differential
settlements have not been modeled in this analysis because of the numerous uncertainties involved, but
are anticipated to be as large as 2 to 3 ft across the disposal cell. Detailed design of the disposal cell
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would need to account for such differential settlement by increasing the slopes of the base grades, bottom

. liner, and drain lines, and by selecting appropriate construction materials.

As discussed in Chap. 3, consolidation of a soil layer occurs gradually over time as the water drains
out of the soil to relieve water pressure imposed by the increased load. The time needed to achieve 90%
of the total consolidation predicted above was modeled using the average consolidation properties
presented in Table 4.1 and the following assumptions:

e  Two-way vertical drainage was assumed. The total drainage length was assumed to be half the depth
to the bottom of the Porters Creek Clay, or 75 ft. The effect of drainage that may occur within the
sand and gravel layers (soil zones 3 and 5) were disregarded. This is reasonable because those layers
are not uniform across the site, they are relatively thin layers, and the distance to the surrounding
drainage discharge points is large (greater than 1000 ft).

e To simplify the analysis, the coefficient of consolidation for only the Porters Creek Clay was used.
This may slightly underestimate the time of consolidation.

The time to achieve 90% consolidation was calculated using the following general equation
(Peck, Hansen, and Thornburn 1974).

too = Too * H?/ ¢y,

where
tso = estimated time to achieve 90% consolidation in years,
Ty = theoretical time factor for two-way drainage and 90% consolidation = 0.848,
H = total drainage length = 75 ft, and
¢, = ¢coefficient of consolidation in ft*/yr.

The calculated to, is 1.8 years. Because the disposal cell would be filled gradually over a 20-year
period of operation, most of the predicted consolidation settlement would be essentially completed by the
time the cell is filled. Therefore, if any undesirable effects on base grades or drain lines were to be caused
by the total or differential settlement, these effects could be observed during the period of operation of the
waste disposal facility and corrective measures would be implemented prior to closure.

4.4 BEARING CAPACITY MODEL

When a load is applied on a portion of the ground surface, the surface settles. Once that load reaches
a critical load, the soil is no longer capable of supporting the load without failure, and the foundation breaks
or punches into the ground. This critical load is referred to as the bearing capacity of the foundation. It is
dependant on the size and shape of the foundation; the composition of the supporting soil; and the character,
rate, and frequency of the loading. Every foundation should be capable of supporting, with a reasonable
margin of safety, the maximum load to which it is ever likely to be subjected. For this reason, foundations
are designed so as to possess a certain factor of safety against bearing capacity failure of the soil.

Foundation bearing capacity for a potential disposal cell represents a special case. Instead of a rigid
footing of small dimensions, the disposal cell would consist of a flexible soil embankment (clean-fill dike)
several hundred feet across. In this case, foundation bearing capacity may be modeled as a failure of the
embankment, where the soil underlying the base of the embankment fails. This mode of embankment
failure is called base failure. ‘
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Bearing-capacity failure, or base failure, occurs usually as a shear failure of the soil supporting the
foundation. The bearing capacity is, therefore, modeled using the shear strength parameters of the
supporting soil, which are its apparent friction angle and apparent cohesion. Section 3.7.2.4 (Table 3.9)
discusses the results of geotechnical laboratory unconsolidated-undrained triaxial compression tests for
these shear strength parameters. Shear strength parameters were only measured for fine-grained soils in
soil zones 1 and 4.

General shear failure is characterized by the existence of a well-defined failure pattern consisting of

a continuous slip surface that initiates beneath the embankment, continues down into the ground, and exits
back up at the ground surface. Because of the large size of the embankment for a potential disposal cell,

BV My QL LAV paPheills SR2L85%. DVVELSY MAN ARA B SALV UL UL LRl AL e WVYwiiuiQl MBS VoG Vel

the slip surface for a base failure may extend as deep as the Porters Creek Clay. However, no strength
parameters were measured for the Porters Creek Clay due to sample disturbance or insufficient volume.
For this reason, estimates of the shear strength parameters for the Porters Creek Clay (soil zone 6) were
developed. The following considerations were made in selecting representative shear strength parameters
for soil zone 6:

e Soil zone 6 is comprised of nearly 50% silt and 50% very fine sand. Consolidation tests show that
the soil is compressible, demonstrating behavior typical of a fine-grained deposit. Results of index
property tests show that zone 6 soils have a similar plasticity index to zone 4 soils. Therefore, zone 6
soils were modeled similar to zone 4 soils, with both friction and cohesion components.

e Estimates of N'q, tip resistance, and unconfined shear strength from SPTs and SCPTs indicate that
the field strength values for zone 6 soils are approximately double those for zone 4 soils.

e Based on empirical correlations to penetration resistance (Jumikis 1971; Peck, Hanson, and
Thomburn 1974), zone 4 soils may be considered stiff clays with a cohesion between 1 and 2 tsf.
Actual measured cohesion averages 1.5 tsf. Using these same correlations, zone 6 soils may be
considered very stiff clays with a cohesion between 3 and 4 tsf.

Based on these considerations, an apparent cohesion of 3 tsf was selected for use in modeling zone 6
soils. In addition, an apparent friction angle of 8 degrees was selected for modeling zone 6 soils, which is
the average of zone 1 and zone 4 soils. Although selection of these shear parameters may involve large
uncertainty, the impact of that uncertainty is low. Zone 6 soils are known to be much stiffer than
overlying soils, so that the critical slip surface for base failure does not lie within soil zone 6.

Acceptable minimum safety factors for design of shallow foundations are established during detailed
design. Selection should consider such factors as the degree of reliability of all other parameters that enter
into the design, such as frequency of design loads, strength and deformation characteristics of the soil mass,
serviceability, and expected life of the structure, and the probability and consequence of failure. General
guidance (Winterkorn and Fang 1975) for a permanent structure where the design load is likely to occur
often and the consequences of failure could be disastrous, is that a safety factor of 3.0 may be appropriate.

A simplified model of estimating the base failure of an embankment fill was taken from Winterkorn
and Fang (1975). In this model, zone 6 soils are considered sufficiently stiff relative to zones 1 and 4 soils
so that the critical slip surface occurs at the top of the Porters Creek Clay Two embankment-loading
cases were analyzed:

e  (Case 1: A perimeter embankment slope of (6:1), 102 ft high, with an average unit weight of 115 pcf.
In this case, the critical load at bearing-capacity failure is calculated to be 30.45 tsf. The actual
maximum load is calculated to be 5.87 tsf. Therefore, the safety factor, with respect to bearing-
capacity failure, would be 30.45 + 5.87 = 5.2. This is an acceptable margin of safety for bearing capacity.
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e Case 2: An interior embankment slope of (3:1), 40 ft high, weighing 115 pcf. In this case, the critical
= load is 8.76 tsf and the actual maximum load is 2.3 tsf. Therefore, the safety factor with respect to
bearing-capacity failure would be 8.76 + 2.3 = 3.8. This is an acceptable margin of safety for bearing

capacity.

A numerical simulation model was also used to calculate base failure beneath the embankment. Only
a static analysis was performed in this model since the liquefaction potential discussed in Chap 5 is low
at Site 3A. The analysis was performed using GSTABL7, a 2-dimensional limit equilibrium slope
stability program that analyzes the embankment by a method of slices. The computer model generates
hypothetical slip surfaces through the subsurface soil zones, divides the slip blocks into vertical slices,
then calculates the equilibrium of each slice. A mathematical safety factor is then calculated for each slip
surface as the sum of the moments resisting failure divided by the sum of the moments tending to cause
failure (Winterkorn and Fang 1975). The most critical slip surface of all those analyzed by the computer
model is the one resulting in the minimum calculated safety factor.

Acceptable minimum safety factors for design of embankment foundations are established during
detailed design. Relatively small safety factors have usually been used in analyses of embankment slopes
for their stability. Conventional guidance (Jumikis 1971) for an embankment structure is that a safety
factor of 1.5 may be appropriate for deep-seated or rotational failure.

The following embankment foundation failure cases were analyzed. In all cases, a perimeter
embankment slope of 6:1, 102 ft high, with an average unit weight of 115 pcf was assumed.

e Case 1: The strength of the embankment materials was disregarded so that base failure alone would
be analyzed. This is very conservative. The critical slip surface was found to be a deep-seated
rotational failure that occurred within the soil zone 1 loess layer. The minimum safety factor with
respect to embankment base failure was calculated to be 1.69. This is an acceptable margin of safety
for embankment base failure.

e  Case 2: The strength of the embankment materials was again disregarded so that base failure could
be analyzed. This is again very conservative. The critical slip surface was constrained so that a deep-
seated rotational failure would be forced to occur within soil zone 4. The minimum safety factor with
respect to embankment failure in this case was calculated to be 2.51. This is an acceptable margin of
safety for embankment base failure.

e  Case 3: The strength of the embankment materials was set at the very minimum required to achieve
internal stability of the above-ground slope. This strength corresponds to an apparent friction angle
of 9.5° and no cohesion. This is conservative since actual embankment materials would be designed
using materials of higher strength. The critical slip surface was found to be a deep-seated rotational
failure that occurred within soil zone 1. The minimum safety factor was calculated to be 2.42. This is
an acceptable margin of safety for embankment base failure.

The results of the bearing-capacity analysis indicate that the bearing capacity of the foundation soils
is adequate to support a potential disposal cell embankment at Site 3A.
4.5 SUMMARY

Geotechnical design considerations regarding fate and transport, settlement, and bearing capacity of

a potential on-site CERCLA waste disposal facility have been discussed in this chapter, which could be
used in any subsequent evaluation of the technical feasibility and effectiveness of such a facility.
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The fate and transport model identifies the primary contaminant release and migration mechanisms
from a filled disposal cell. Rainwater would infiltrate through the cover materials, react with the
encapsulated waste, and produce leachate. Although leachate would be removed by the leachate
collection system, it is assumed that the leachate collection system no longer functions and that the
leachate would migrate downward to the water table and into the Terrace Deposits Flow System. The
Terrace Deposits Flow System discharges to the UCRS beneath the plant and the UCRS in turn recharges
the RGA. The primary receptor locations for Site 3A would ultimately be at the DOE property boundary
and the Ohio River, although other receptors may be appropriate depending on specifically applicable
regulations if an on-sitt CERCLA waste disposal facility were to be constructed.

The settlement model estimates the total settlement of a filled disposal cell. Calculations have shown
that fill constructed to a height of 102 ft above the ground surface would result in more than 5 ft of
settlement in the center of the disposal cell area. Differential settlement could be as high as 2 to 3 ft across
the disposal cell. Settlement would occur relatively rapidly, with 90% of the settlement occurring in less
than 2 years of fill placement.

The bearing capacity model estimates the ability of the soils beneath a filled disposal cell to support

the weight of the fill. Calculations have shown that the bearing capacity of the foundation soils is
adequate to support a potential CERCLA waste disposal facility at Site 3A.
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S. EVALUATION OF LIQUEFACTION

As discussed in Chap. 1, the Project Core Team developed a list of seven questions that, when
answered, would address seismic issues related to the siting of a potential CERCLA waste disposal
facility at PGDP. This chapter reports on studies designed to address the following three questions:

e  Question 1: Is there evidence of paleoliquefaction at or near the PGDP?
¢ Question 2: Is there paleoseismic evidence of local strong ground motion?
e  Question 3: Is there potential for future liquefaction at Site 3A? -

Table 5.1 repeats these three questions and presents a summary of the answers developed during the
seismic investigation. Data, information, and details used to develop the responses presented in Table 5.1
are included in the body of this chapter.

Table 5.1. Summary of answers to Questions 1, 2, and 3 posed by the Project Core Team

Question General answer
1. Is there evidence of Field observations made along the Ohio River in the vicinity of PGDP found no large liquefaction
paleoliquefaction at or  features. Smaller scale paleoliquefaction features may have been present but remained unobserved due
near PGDP? to their relatively small size or veneer of river deposits and vegetative cover. There is no definitive

evidence of paleoliquefaction at PGDP based on results of field investigations conducted along
portions of Bayou and Little Bayou Creeks. The literature does report some small liquefaction features
located along the banks of the Ohio River, about 8 miles northeast of PGDP, and along the Post
Creek Cutoff, about 12 miles northwest of PGDP.

2. Is there paleoseismic The absence of large paleoliquefaction features within 15 miles of PGDP suggests that local strong
evidence of local ground motion has not occurred within the past few thousand years. The small hquefactlon features
* strong ground motion?  that have been reported in the literature are located in sediments that are especially prone to
liquefaction and are probably associated with large earthquakes originating outside the area. It should
be stressed that the available exposures may only provide a record for the late Holocene.

3. Is there potential for Many of the soils present at the site are clays and silts that by their very composition are not prone to
future liquefaction at liquefaction. In addition, laboratory evaluation of these materials found that they do not meet the
Site 3A? criteria that distinguish those fine-grained soils that could experience large-scale strain, similar to

liquefaction. The sands encountered at Site 3A are generally firm and are not expected to liquefy
under low to moderate levels of ground motion. Some liquefaction within the sands and deformation
within the silts and clays could occur at PGAs approaching 0.5 g.

The Paleoliquefaction Study and the Geotechnical Study performed as part of the Seismic
Investigation program for Site 3A provided data used to develop the responses. These studies included the
following pertinent activities:

Review of historical information to 1dent1fy areas that liquefied during past large earthquakes

Search for evidence of prehistoric (paleoliquefaction) features in the region.

Evaluation to see if there is evidence of past liquefaction in soil core samples collected from Site 3A.
Collection and evaluation of in-situ soil properties at Site 3A to assess liquefaction potential of site soils.

Each of these aspects of the Site 3A Seismic Investigation is described in the subsequent sections. To
provide the proper context for these discussions, a brief background on seismically-induced liquefaction
and liquefaction susceptibility precedes them. . :
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5.1 BACKGROUND ON LIQUEFACTION

Liquefaction is a process by which saturated granular soils temporarily lose strength and act as a
viscous liquid rather than a solid. To understand this phenomenon, it is important to review what happens
to saturated soils during an earthquake.

Before an earthquake, individual soil grains are in contact with a number of the adjacent soil grains.
The weight of the overlying soils forces contact between the grains, holding the individual grains in place
and giving the soil its strength. Unless the soil grains are densely packed, there are still spaces between
the grains. If the soils lie below the water table, these spaces are filled with water. These waters are called
“pore waters,” because they fill the “pore” spaces between the grains.

During an earthquake, seismic waves passing through saturated soils can cause loosely packed grains
to become more densely packed. The reduction in overall volume “squeezes” the pore water, increasing
the pore-water pressure between the soil grains. If the local conditions are such that drainage cannot
quickly occur, the pore-water pressure may rise to a level approaching the weight of the overlying soil,
reducing the contact between the individual grains. When this happens, the soil temporarily behaves as a
viscous liquid rather than a solid, which is the condition known as liquefaction.

Because the available pore spaces are greatest in loose, poorly graded sand, these types of soil are
most susceptible to liquefaction. As the available pore spaces decrease, the liquefaction potential also
decreases. For example, in silty sands the available pore spaces between sand grains are partially filled
with silt, reducing the amount of space for pore water. Consequently, these types of sands generally have
less pore water available to “lift” the grains during an earthquake.

In clayey sands, the available pore water is reduced even more, resulting in an even lower potential
for liquefaction. The space between grains also tends to reduce with geologic time, as the overlying
weight compresses the soils. In addition, as soils age, the contacts between the individual grains may
become “cemented” because of precipitation of minerals out of the local pore waters or weathering of the
minerals that make up the grains.

Based on these factors, saturated Holocene-age to late Pleistocene-age sands are considered to be the
types of soil most susceptible to liquefaction. Liquefaction has been observed, but is much less common,
in older sands and saturated gravels and silty sands. Finer grained non-granular soils are not prone to
liquefaction. However, under some very specific and limited conditions, fine-grained soils can experience
large-scale deformation similar to liquefaction (Seed and Idriss 1982).

When earthquake-induced liquefaction occurs, several types of consequences can happen in the
liquefied deposits, such as settlement of the ground surface, slope failure, or sand ejecting from fissures.
When sand is ejected from fissures to the ground surface, distinct liquefaction features are formed. These
liquefaction features are typically seen as sand blows, sand dikes, and sand sills. These are the types of
liquefaction features that are of interest in this study. ‘

The size of the liquefaction features that form during an earthquake depends on several factors,
including the magnitude of the earthquake, the intensity of ground motions, and distance to the
earthquake’s epicenter. A site having saturated sands that is located near an earthquake epicenter and is
subject to strong ground motions would exhibit large liquefaction features. Conversely, the same site
located far from the epicenter or subject to only weak ground motions may exhibit small or no
liquefaction features. Therefore, because Question 2 is asking for evidence of local strong ground motion,
only large liquefaction features are of interest in this study.
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5.2 HISTORICAL LIQUEFACTION STUDIES

Historical records of earthquake events include reports of liquefaction observations made following
an earthquake. The following paragraphs discuss the available historical records for the central U.S.,
which include observations from two historical events.

During the winter of 1811 and 1812, a series of earthquakes occurred in the NMSZ. The first
magnitude 7+ earthquake occurred on December 16, 1811. Two other magnitude 7+ shocks, one on
January 23, 1812, and the other on February 7, 1812, followed the initial earthquake. The three main
shocks probably reached intensity XII, the maximum on the Modified Mercalli scale. Although the
magnitude of these earthquakes have been historically reported between 7.8 and 8.1, recent studies
indicate magnitudes of approximately 7.5 likely occurred (Hough et. al. 2000),

Although the precise epicentral coordinates of the earthquakes are not known, accounts of the events
suggest that the epicenter of the first earthquake (December 16) was probably in northeast Arkansas. The
second main shock (January 23) likely occurred in Southeastern Missouri. The epicenter of the third
shock (February 7) occurred near the town of New Madrid, Missouri, about 50 miles southwest of PGDP.

In the Mississippi and Ohio River valleys, landslides occurred during the 1811-1812 earthquakes
along the steeper bluffs. As a result, the high banks caved and collapsed into the river. Most pertinent to
the discussions here was the observation that large areas subsided because of liquefaction and were
covered with water and sands that had emerged through fissures. The region extending from Cairo,
Illinois, to Memphis, Tennessee, and from Crowleys Ridge to Chickasaw Bluffs, Tennessee, was
characterized by sand ejections, fissuring, severe landslides, and caving of stream banks. Closer to PGDP,
liquefaction was reported along the Ohio River at Fort Massac, Illinois (Hough, et. al. 2000).

Figure 5.1 presents information taken and modified from a recent USGS open file report published
on the World Wide Web at http://pubs.usgs.gov/openfile/of98-488 (USGS 2002b). Figure 5.1a provides
an overview of the location of the NMSZ and also shows epicenters and major areas of liquefaction from
the 1811-1812 earthquakes. Much of the epicentral area of these earthquakes is very favorable for the
generation of liquefaction, because geologically young, clean, saturated sands are present. As discussed
above, these types of granular soils are especially susceptible to liquefaction during an earthquake.
Figure 5.1b is a photograph taken in the epicentral area of a past earthquake and shows that the sands
gjected during those earthquakes are still visible from the air.

Available information suggests that no liquefaction or ground failure occurred in the upland surface
at the present PGDP during the 1811-1812 earthquakes (USGS 1994). The only reported failures in the
upland surface during these earthquakes were slope failures on bluffs of the Mississippi River,
significantly closer to the NMSZ and the 1811-1812 epicenters than PGDP.

The only other historical earthquake known to have caused liquefaction in the region occurred on
October 31, 1895. This magnitude 6.7 earthquake occurred near Charleston, Missouri. This event is the
largest earthquake to occur in the area since the 1811-1812 series. More limited liquefaction was
associated with this event. Sand blows were observed in an area southwest of Charleston, Missouri, and
south of Bertrand, Missouri. Isolated occurrences of sand blows also were reported north and south of
Charleston (Stover and Coffman 1993). The reported liquefaction occurred in low-lying areas where
geologically young sands are present.
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(a). Distribution of 1811-1812 Liquefaction features: Crosses show
the approximate epicenters of the three largest earthquakes. The blue
area indicates uplands where little or no liquefaction occurred during the
1811-1812 earthquakes. The white areas are recent alluvium. In these
areas, some regions had sands cover as much as 25% of the land surface
(orange). In other areas, sands covered approximately 1% of the land
surface (yellow).

Npte: All figures are modified from Obermeier (1999) (USGS 20026).

(b). Aerial View of 1811-1812 Liquefaction Features: The light circular
features are vented sands brought up from underlying sands. Note the tree in
center for scale. A search was implemented for similar expressions in aerial
photographs of the PGDP area.
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(d). Distribution of Paleoliquefaction Features in Illinois and Indiana: Previous
researchers have searched hundreds of kilometers of stream and riverbanks in southern
1llinois and Indiana. Red dots show locations of paleoliquefaction features. The size
of the dot indicates the size of the widest sand dike at that site. Features are more
common and larger in the general vicinity of Vincennes. Note that the only features
found on the Ohio River near PGDP are at Ft. Massac, Illinois. This was the site of
liquefaction during the 18111812 New Madrid earthquake.
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(c). Earthquake Magnitude vs. Distribution of Liquefaction: The thin
green curve is based on worldwide data (Ambraseys 1988). The shaded
orange curve is based on data from the central U.S. (Obermeier 1993-Pond
1996). Modified from Obermeier 1999.

(e). Example of Large Paleoliquefaction Feature: This feature was discovered
in the Wabash Valley seismic zone during reconnaissance by boat. Sand and
gravel ejected onto the ground surface during an earthquake approximately 6100
years ago were subsequently covered by several feet of overbank silt and clay.
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5.3 PALEOLIQUEFACTION STUDIES

The historic earthquake record for the central U.S. covers only a few hundred years. Paleoliquefaction
studies search for evidence of prehistoric earthquakes and, thereby, offer a way to extend the earthquake
record back hundreds or even thousands of years. This information can help to better estimate the long-
term hazard in terms of earthquake magnitude or severity of shaking. The estimated size of each
prehistoric earthquake can be determined by several factors. First, only earthquakes larger than magnitude
5.0 to 5.5 are capable of producing widespread liquefaction (Ambraseys 1988). Second, the areal extent
of liquefaction correlates with the intensity of ground motions. The stronger the earthquake, the more
widespread and stronger the shaking. Figure 5.1c illustrates this relation based on worldwide empirical
data and presents information developed for the central U.S. As shown, a magnitude 7.0 earthquake is
predicted to generate liquefaction features in loose sands out to about 30 miles from the epicenter. A
magnitude 7.5 earthquake is predicted to generate liquefaction in loose sands out to about 70 miles.
Previous searches for evidence of liquefaction have been conducted in the NMSZ to the southwest of
PGDP and in the WVSZ to the northeast of PGDP. Although those studies did not focus on the Site 3A.
vicinity, they did extend into the general area. '

5.3.1 Past Paleoliquefaction Studies in NMSZ

Field studies published in 1912 by M. L. Fuller of the USGS, provided topographic and geological
evidence of large magnitude earthquakes in the NMSZ predating the 1811-1812 sequence. This evidence
included ground cracks as large as those caused by the 1811-1812 earthquakes in which trees at least
200 years old had grown, suggesting that the old cracks at were at least 200 years old. Fuller also found
indications of pre-1811 sand dikes, suggesting that the pre-1811 earthquakes generated liquefaction.
These observations indicate that large earthquakes similar to the 18111812 events occurred in the recent
geologic past. :

More recently, detailed searches for paleoliquefaction features have been conducted throughout the
NMSZ (Tuttle and Schweig 1997). These investigations found numerous paleoliquefaction features in the
epicentral area of the 1811-1812 earthquakes. Radiocarbon dating studies indicate earlier earthquake
sequences, similar in location and size to the 1811-1812 sequence, occurred in the past several thousand years.

Tuttle and Schweig (1997) interpret these features to indicate that at least two, possibly three, large
to great earthquakes or earthquake sequences occurred in the region between 250 and 1150 years ago.
One probably occurred about 1100 + 100 years ago, a second event probably occurred about 700 +
100 years ago, and a third event may have occurred about 400 + 100 years ago. In addition, there is
evidence for at least three large events between 1220 and 5340 years ago.

5.3.2 Past Paleoliquefaction Studies in WVSZ

A detailed search for additional evidence of paleoliquefaction features was conducted in WVSZ
northeast of PGDP. Several investigators have searched for paleoliquefaction evidence of prehistoric
earthquakes similar to the 1811-1812 events (McNulty and Obermeier 1997; Munson et. al. 1997;
Obermeier 1998). Field investigations in southern Illinois and southern Indiana included the banks of the
Ohio River from approximately 15 miles west of the PGDP to the river’s confluence with the Wabash
River, approximately 60 miles northeast of PGDP (REI 1999).

These investigations extend into the PGDP area and further to the north and northeast into Indiana

and Illinois. Figure 5.1d shows the location of liquefaction features identified during these investigations.
A local search that was focused along the Ohio River adjacent to PGDP found no evidence of
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. paleoliquefaction (Obermeier 1998). The closest liquefaction features to PGDP are located along the
banks of the Ohio River, about eight miles to the northeast. These features are small and located in the
general vicinity of Fort Massac, Illinois, a location where liquefaction was reported during the
February 7, 1812, earthquake. Obermeier (2002) notes that these features were small and relatively
unweathered, suggesting that they were probably outlying liquefaction features resulting from the 1811-1812
sequence. The banks of the Ohio River yielded no evidence of a paleoliquefaction episode associated with a
large earthquake originating in the vicinity of PGDP. Small dikes have been reported along the Post Creek
Cutoff, about 12 miles northwest of PGDP. Obermeier concluded that seismic shaking in the vicinity of
Metropolis, Illinois, and Paducah, Kentucky, has not exceeded Modified Mercalli intensity VIII-IX in
Holocene times.

Further to the north and northeast, investigations along riverbanks found extensive evidence of
paleoliquefaction. Paleoliquefaction studies have been conducted along most of the major rivers of
southern Indiana and Illinois. In these studies, riverbank sediments are studied for evidence of
earthquake-induced sand dikes, sand sills, and sand blows. Figure 5.1e illustrates how evidence of
paleoliquefaction can be identified from a boat survey.

Based on these paleoliquefaction studies, investigators have recognized at least eight prehistoric
earthquakes within the last 20,000 years that were strong enough to cause liquefaction (REI 1999). These
earthquakes occurred outside of the NMSZ, but did not originate in the PGDP area. Of these eight
earthquakes, six were probably of magnitude greater than 6 and at least two are estimated to have
exceeded magnitude 7 (Obermeier 1998).

The largest prehistoric earthquake in the paleoliquefaction record occurred about 15 miles west of
Vincennes, Indiana. This earthquake is estimated to have occurred 6100 + 200 years ago. Based on the
size of sand dikes and distribution of liquefaction features, a magnitude of 7.5 has been estimated for the
prehistoric event. The epicenter would lie approximately 120 miles northeast of PGDP. In addition,
evidence of paleoliquefaction was found along the Sangamon, White, and Kaskaskia rivers.

5.3.3 Paleoliquefaction Study for this Seismic Investigation

A new search for paleoliquefaction features was initiated as part of this Seismic Investigation. This
study focused on the area within approximately 15 miles of PGDP with the purpose of determining the
following:

e the extent of Holocene-age liquefaction in the PGDP region, and
e the extent and source area of paleoliquefaction features, if found.

Current seismic risk and ground motion models for PGDP are based on seismic sources that result
from distant New Madrid-type earthquakes. The objective of the Paleoliquefaction Study was to confirm
whether Holocene-aged paleoliquefaction features in the vicinity of PGDP had resulted from such distant
earthquakes or from a local earthquake source. If paleoliquefaction features were found to have resulted
from a local source, then current seismic risk and ground motion models would need to be re-evaluated.

A detailed discussion of the search for paleoliquefaction features at and near PGDP is presented in
Appendix A. The Paleoliquefaction Study included the following activities:

e  Identification of areas where conditions were potentially favorable for the generation and preservation
of paleoliquefaction features.

e Review of aerial photographs for these areas for evidence of liquefaction features.
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o  Reconnaissance-level field investigations to refine the list of potential field areas.
e  Ground inspection of high priority areas.

Using the information presented in Sects. 5.1 through 5.3 as a guide, the first task in the review of
existing data was to identify areas where conditions are potentially favorable for the generation and
preservation of paleoliquefaction features. This aspect of the study found that the primary area of interest
for the paleoliquefaction study lies within the floodplains of the Ohio River and its major tributaries,
primarily Mayfield Creek, and within the basin of the ancestral Cache River (located in southern Illinois).

Next, available aerial photographs and county soil surveys of the U.S. Soil Conservation Service
were viewed to identify areas of sandy or gravelly soils series and photographic evidence of
paleoliquefaction features like those presented in Fig. 5.1b. The analysis of the aerial photography did not
distinguish any paleoliquefaction features; however, it was found that the soils series maps for some
Illinois counties did identify discrete features called “sand spots.” Several Illinois sites with sand spots
were selected for consideration as field study sites.

Subsequent field reconnaissance was conducted across the region to refine the potential list of
candidate field locations. Those field sites where there appeared to be the best potential for the presence
and observation of paleoliquefaction features and better accessibility were carried forward for further
consideration.

Before ground inspections could begin, property owners had to be contacted to secure access
agreements. Project personnel reviewed property records in the respective county courthouses to identify
property owners to be contacted to obtain Right of Entry for the Paleoliquefaction Study. While this
activity was ongoing, field studies were implemented in areas where access requirements were not an
issue. This included an evaluation of the banks of the Ohio River via boat and ground investigations along
portions of Bayou and Little Bayou Creeks that are located on DOE property.

Ohio River Bank Survey: Project personnel conducted a boat survey of the banks of the Ohio River
across the entire width of the region of study and beyond in a search for paleoliquefaction features
(Fig. 5.2). The Ohio River, via boat, provided relatively easy access to exposures of the region’s sand and
gravel deposits to further assess the candidate field study sites and other areas of interest. Because no
Right of Entry had been granted at the time of the boat survey, project personnel were limited to visual
inspections and documenting existing conditions of the bank exposures. No samples for '*C age dating
were collected. The riverbank survey covered 50 miles of the Ohio River and included both banks. The
goals of this survey follow:

e  Assess the general suitability of Ohio River bank sediments for the Paleoliquefaction Study (age of
exposed sediments and sequence of soil textures).

¢  Locate syndepositional carbonaceous material (e.g., buried logs) for future collection of '*C samples.b
e  Identify large-scale paleoliquefaction features, if they exist. |
* Find promising areas for closer-look ground inspections.

This survey of the banks of the Ohio River provided a valuable regional perspective that could not be
duplicated by any other data set. The Ohio River bank survey resulted in descriptions of 55 outcrops,

which are presented in Appendix A. Photodocumentation of the riverbanks in the form of digital
photographs and camcorder tapes are available in project files.
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No obvious paleoliquefaction features were observed along the Ohio River in the vicinity of PGDP.
The riverbank afforded adequate exposure of the sediments such that large paleoliquefaction features, as
shown in Fig. 5.1e, would have been obvious. Smaller-scale paleoliquefaction features, such as the ones
from the 1811-1812 events reported by previous investigators near Fort Massac, Illinois, may have been
present but were not observed because of their relatively small size or the typical veneer of river deposits
and vegetative cover.

The absence of clear evidence of paleoliquefaction along this portion of the Ohio River should be
viewed with the following caveats in mind:

e A significant portion of the Ohio River bank deposits appears to be of too recent origin (evidenced
by recent cultural debris) to have experienced prehistoric earthquakes.

e Some of the riverbank deposits are silt and clay units containing few sand lenses capable of producing
paleoliquefaction features. o .

e  Smaller-scale paleoliquefaction features may have been present but could not be observed because of
their relatively small size or the typical veneer of river deposits and vegetative cover.

¢  Some paloeliquefaction features may have existed in the past but could have been washed away by
subsequent floodwaters.

This study did identify suitable field sites for more detailed study of the riverbank sediments. The
follow-up investigations at these sites were not completed because of delays in obtaining access. In
addition, the results of the regional and site-specific Fault Studies suggested that further searching for
paleoliquefaction features was not warranted.

Field Investigation along Barnes Creek: The regional Fault Study conducted at the Barnes Creek
site included a survey of faulting and related structures in the exposed banks of a 2600-ft reach of the
creek. This creek bank survey found no clear evidence of paleoliquefaction features. Investigators noted
that characteristics of the geologic units were unfavorable to the formation of paleoliquefaction structures.
A review of soil cores collected during DPT sampling at Barnes Creek also yielded no evidence of
liquefaction. S o '

Field Investigations along Bayou and Little Bayou Creeks: Bayou and Little Bayou Creeks are
Ohio River tributaries that border the industrial area of PGDP on the west and east sides, respectively.
Bayou Creek begins south of the PGDP and flows across the north-to-south width of the West Kentucky
Wildlife Management Area (WKWMA). Little Bayou Creek begins south of the PGDP, within the
WKWMA, and transects the majority of the north-to-south width of the WKWMA (Fig. 5.3).

The field investigaﬁbn of Bayou Creek proceeded downstream (south to north). A reported sand dike

(“clastic dike”) mapped in the bed of Bayou Creek near the southwest corner of the PGDP industrial area

(USGS 1966) is of potential interest. This clastic dike crosscuts the Paleocene Porters Creek Clay and
likely predates the period of interest to this Seismic Investigation, which is the Holocene Epoch.

Overall, Bayou Creek afforded frequent exposure of the creek bank sediments. Over the 8000 ft
surveyed on Bayou Creek, the average distance between documented exposures was approximately
250 ft. Most exposures of the creek bank sediments, along the entire reach of Bayou Creek that is located
on DOE property, consisted of iron-cemented gravel. These gravel deposits in the south half of the creek
surveyed are Pliocene/Pleistocene-age gravels of the Terrace Deposits, as discussed in Chap. 3.
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~ Similar gravel exposures found in the north half of this survey likely belong to the Pleistocene-age Upper
Continental Deposits. Clay or silt underlies the gravel units to the north. The creek bed was generally
covered by loose gravel to the south.

Where overlying units are uncovered, a massive silt typically covers the gravel. This silt is thought to
be a loess deposit of Pleistocene age. Occasional exposures of apparent Holocene-age creek deposits
occur along the creek. There were very few locations where organic material was observed within the
sediments that could be sampled to '“C age date the units.

The walkdown of Bayou Creek on DOE property did not reveal any obvious paleoliquefaction
features; however, a suspect fault zone (which may be only a creek bank slump feature) was noted in the
west creek bank near the southwest corner of the PGDP industrial area.

The walkdown of Little Bayou Creek proceeded in a general downstream direction over two reaches,
as permitted by access points (south to north). The south reach of Little Bayou Creek (approximately 9000 ft
long) is heavily vegetated with very few exposures of creek bank sediments. Exposures of creek bank
sediments are comparatively frequent along the north reach of Little Bayou Creek (approximately 7000 ft
long), averaging a documented exposure every 450 ft. Along the north reach, the exposures typically are
20 to 50 ft long and 4 to 6 ft high.

Typical creek bank exposures in Little Bayou Creek, over both the south and north reaches, consist
of massive silt overlying clay with the bed of the creek eroded into the clay member. These units are
thought to consist of Upper Continental Deposits and loess, both Pleistocene in age. Little Bayou Creek
appears to have more exposures of younger creek deposits than Bayou Creek. Like Bayou Creek,
however, there are few areas where samples could be collected to *C age date the sediments.

Faulting was not observed in any outcrops in Little Bayou Creek. One questionable potential
paleoliquefaction feature was identified. In this outcrop, located approximately 6000 ft north of PGDP, a sand-
filled fracture crosscuts the clay unit that is exposed in the creek bed, and discrete sand lenses appear to
be present in the overlying silt unit that is exposed in the creek bank. It could not be determined if the
fracture is a desiccation crack infilled with overlying sand or if it actually represented paleoliquefaction.

Summary of Paleoliquefaction Study: The historical data review, Ohio River bank survey, and
survey of soil exposures on Bayou and Little Bayou Creeks, accomplished the basic intent of the
Paleoliquefaction Study. No clear evidence of paleoliquefaction associated with a local earthquake source
was found. A large percentage of the available exposures of Holocene-age soils, across the 15-mile radius
of the study area, were observed during the Ohio River bank survey.

These field observations found no large liquefaction features. The river bank afforded adequate
exposure of the sediments such that if large liquefaction features were present, they would have been
obvious. Smaller-scale paleoliquefaction features may have been present but were not observed because
of their relatively small size or veneer of river deposits and vegetative cover. It should be noted that the
available exposures may only provide a record for the late Holocene, because of the relatively young age of

“the deposits along the Ohio River.

The walkdown of Bayou and Little Bayou Creeks did not find definitive evidence of paleoliquefaction.
The soils exposed in the creek banks are predominantly silts, clays, or cemented gravels that are not typically
prone to liquefaction.
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5.4 REVIEW OF SITE 3A SOIL CORES

Soil samples were collected from soil borings and DPT boreholes at Site 3A during the Geotechnical
Study. These samples were examined for any visual evidence of liquefaction. Boring logs and soil cores
collected at and in the immediate vicinity of Site 3A were reviewed by a geologist experienced in the
identification of liquefaction features. The information reviewed follows:

e Dboring logs collected just northwest of Site 3A as part of preliminary characterization activities at a
potential DUF, site,

e  cores from the 400 ft deep soil boring (DB-02) drilled at Site 3A,
e samples collected in Site 3A SPT borings, and

o  DPT cores collected at Site 3A.

No evidence of liquefaction (such as sand dikes or sand veins) was observed. It should be noted that,
while no liquefaction features were observed, the data provided only limited information because
sampling could be done only at discrete vertical borehole locations. Liquefaction features are frequently
of a smaller size than the spacing between boreholes and, therefore, may not have been intersected by a
particular borehole. Consequently, these findings should be viewed with this limitation in mind.

5.5 EVALUATION OF LIQUEFACTION POTENTIAL AT SITE 3A

A key aspect of the Geotechnical Study at Site 3A was the collection of in-situ data to characterize
the potential for liquefaction. This included drilling SPT borings, collecting SCPT sounding data, and
measuring shear-wave velocities. In addition, geotechnical laboratory data were collected for discrete soil
samples to measure moisture content, grain size, and plasticity. In this section, these data are used to
quantitatively evaluate the liquefaction potential for each of the six soil types encountered at Site 3A
(which are described in Chap. 3).

This evaluation included three steps. First, the data were screened using general screening guidance
(Lew 2001) to eliminate soil zones that consist of predominantly fine-grained soils, which are not prone
to liquefaction. Second, a quantitative evaluation of liquefaction potential was made by comparing the
in-situ soil strength data to an upper “bounding” value of the stress caused by an earthquake. This step
was used to identify those soils at Site 3A that may be prone to liquefaction under a very large-magnitude
earthquake and strong ground motions. Third, a quantitative evaluation of liquefaction potential was made
by again comparing the soil strength to earthquake-induced stresses, this time using a range of ground
motions. This step was used to identify the relative likelihood of liquefaction occurring in a given soil
zone under different earthquake-induced ground motions.

The following subsections discuss each of the three evaluation steps.
5.5.1 Step 1: Application of General Screening Criteria

This evaluation step screens the soils encountered at Site 3A using general screening guidance to
eliminate soil zones that are not prone to liquefaction. As stated in Sect. 5.1, the types of soils most

susceptible to liquefaction are loose, saturated sands. General screening guidance (Lew 2001) suggests
that liquefaction is not a credible concern in areas where the following subsurface conditions are present:
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«  ground-water levels are more than 50 ft bgs,
+  “bedrock” or similar “lithified” materials are present, or
«  soils have a clay content (particle size <0.005 mm) greater than 15%.

As presented in Chap. 3, six soil zones have been identified at Site 3A. The characteristics of these
soil zones are presented in detail in Chap. 3. With the exception of the upper portions of soil zone 1, all of
the soils lie below the water table. Consequently, the first screening criterion does not eliminate any of the
Site 3A soil zones from further consideration. The second criterion eliminates the bedrock beneath
Site 3A from consideration, but is not relevant for soils. Application of the third criterion suggests that
soil zones 1, 2, and 4 are not prone to liquefaction. As shown on Table 5.2, the average clay fines content
(<.005 mm) for each of these three soil zones is greater than 28%. Therefore, the high percentages of
fines in these units greatly reduce their liquefaction potential.

However, based on empirical data (Wang 1979; Zhou 1981), Seed and Idriss (1982), have proposed
an additional screening criterion. This criterion applies to fine-grained soils that may be susceptible to
severe strength loss, similar to liquefaction, when an earthquake occurs. These are soils that meet each of
the following characteristics:

o  percent finer than 0.005 mm (0.000197 in.) less than 15%,
s liquid limit less than 35,

o water content greater than 0.9 x liquid limit, and

o liquidity index less than 0.75.

As shown in Table 5.2, soils in zones 1, 2, and 4 do not meet the characteristics required to meet this
additional screening criterion. Therefore, it can be concluded that these soil zones are not prone to
liquefaction nor are they susceptible to severe strength loss. Soil zones 1, 2, and 4 are eliminated from further
consideration and are not carried forward into the quantitative evaluation of liquefaction potential. Conversely,
soil zones 3, 5, and 6 are granular soils and have been carried forward for the quantitative evaluation.

5.5.2 Step 2: Application of Quantitative Bounding Criteria

The next step in this evaluation of the liquefaction potential at Site 3A requires the calculation of
variables that express the demands placed on soils during an earthquake and the resistance of the soils to
liquefaction. The earthquake demand is a measure of the stress induced by an earthquake on the soil and
is expressed as the cyclic stress ratio (CSR). The resistance of the soils to liquefaction is a measure of the
soil strength and is expressed as the cyclic resistance ratio (CRR).

Liquefaction occurs whenever the earthquake-induced stress exceeds the soil’s strength (or
resistance). Mathematically, the potential for liquefaction to occur is calculated by comparing the values
of CSR vs. CRR. Where CSR exceeds the corresponding CRR (stress exceeds resistance), the potential
for liquefaction is present. Conversely, where CRR exceeds CSR (resistance exceeds stress), liquefaction
would not be expected.
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Table 5.2. Average soil properties for fine-grained soil zones 1, 2, and 4 at Site 3A

o4

Moisture Fines content  Clay fines
Sample Depth content Liquid limit  Plastic limit Plasticity index Liquidity index <0.075mm  content <.005
Station  no. (ft)  USCS symbol (%) (%) (%) (%) (%) (%) mm (%)
Soil zone 1
SB-01 3 4-6' CL 27.6 31 19 12 0.72 97.9 35
SB-01 4 10-12' CL 229 28 17 11 0.54 87.4 25
SB-02 3 4-6' CL 24.6 32 20 12 0.38 91.7 31
SB-02 5 12-14' CL 233 30 19 11 0.39 95.9 28
SB-03 4 6-8' CL 237 31 20 11 0.34 97.1 24
SB-05 4 6-8' CL 26.9 38 20 18 0.38 93.4 29
SB-06 3 6-8' CL 29.2 35 20 15 0.61 97.7 26
SB-06 6 14-16' CL 22 32 16 16 0.38 88 31
DB-02 3 8-10' CL 18.7 29 20 9 -0.14 94.9 22
Average 243432 31.8+3.1 19.0+15 128+29 0402 944 +4.1 279+4.1
Soil zone 2
SB-03 7 16-18' CL 209 30 16 14 0.35 915 27
SB-06 10 22-24' CL 13.3 28 13 15 0.02 60.1 32
DB-02 7 16-18' CL 24.3 40 16 24 035 93.1 37
DB-02 11 24-26' CL 21.7 32 14 18 0.43 65.6 34
Average 20.1£ 4.7 325+53 148+15 17.8+4.5 03+0.2 77.6+17.2 32.5+4.2
Soil zone 4
SB-01 11 24-26' MH 64.4 102 53 50 0.23 935 50
SB-01 15 32-34' MH 55.4 95 53 42 0.06 70.6 17
SB-02 15 32-34' CL-ML 17.9 20 13 7 0.70 56.3 20
SB-03 17 36-38' CL 30 43 21 22 0.41 92 41
SB-03 19 44-46' MH 62.6 106 50 56 0.23 87.4 44
SB-05 14 30-32' SC 23.8 39 14 25 0.39 26.3 13
SB-05 18 42-44' SC 23.7 46 15 31 0.28 44.6 23
DB-02 14 30-32' CL 19.9 25 12 13 0.61 58 31
DB-02 17 36-38' CL 249 39 18 21 0.33 84.7 52
DB-02 21 48-50' ML 247 44 NP NP NP 85.4 52
Average 347+ 184 5594323 27.7+18.5 297+ 16.6 0.36+0.20 69.9 +22.8 343+ 15.3

Note: Liquidity index = (moisture content — plastic limit) + (plasticity index)
ML = inelastic silt

CL = clean clay

MH = elastic silt

USCS = Unified Soil Classification System



It is generally agreed that CSR can be expressed by equation 5-1 (Youd and Idriss 1997):
CSR=0.65(a,, )(C’%, )rd (5-1)

where

amx = peak horizontal ground acceleration in g,

o, = total vertical overburden stress in tsf,

o,” = effective vertical overburden stress in tsf, and

rq = stress reduction factor (varies from 1 at ground surface to 0.5 at depths greater than 100 ft).

Values of CRR have been established from empirical correlations using extensive databases.
Originally, the empirical correlations were derived for sites where corrected SPT values (N'g-values)
could be correlated with liquefied strata (Seed and Idriss 1971). Subsequently, similar empirical
correlations were derived for CRR based on cone penetrometer resistance (Robertson and Wride 1997) and
shear-wave velocities (Stokoe et al. 1988).

Seed and Idriss (1971, 1982) with refinements by Seed et al. (1983), Seed et al. (1985), Seed and
De Alba (1986), and Seed and Harder (1990), establish procedures that compare CSR and CRR. This
relationship is illustrated in Fig. 5.4. If the ratio of CSR/CRR lies to the left of the curve (Point A),
liquefaction is possible. If the ratio of CSR/CRR lies to the right of the curve (Point B), liquefaction is not
probable.

One result of the past empirical studies is the definition of CRR values that represent an upper bound
above which liquefaction is not likely to occur, no matter what the corresponding CSR value. In general
the screening criteria associated with these bounding values of CRR follow:

e SPT-derived CRR: Corrected N's;-values greater than or equal to 30 blows per ft.
»  SCPT-derived CRR: Corrected tip resistance greater than or equal to 160 tsf.
e  Shear-wave-derived CRR: Seismic shear-wave velocities exceeding 660 ft/sec.

However, the bounding values are actually dependent on the fines content of the deposit. Figure 5.5
presents published curves for SPT-derived CRR, and shear-wave-derived CRR (Youd and Idriss 1997)
showing the variation in the bounding value for different percent fines content. These curves were developed
from empirical data and suggest that there are bounding values for CRR, above which the soils remain
stable irrespective of the corresponding CSR. For example, Fig. 5.5 shows that, for any CSR value, an
SPT-derived CRR of N's, > 30 is stable, even for soils having very few fines (<5%).

In deriving these curves, researchers selected a magnitude 7.5 earthquake because it generally
represents the upper bound for the empirical data used to develop these relationships. This magnitude also
happens to represent the potential source of strong ground motions at Site 3A (BJC 2002c¢).

The CSR vs. CRR procedure was originally developed for evaluating site liquefaction potential
where SPT data are used as a basis for CRR (Seed and Idris 1982). Therefore, the SPT N'¢y-values
measured in the soil borings at Site 3A were used in this quantitative evaluation. Over the past two
decades, however, SCPT (and to a lesser extent shear-wave velocity measurements) have been
increasingly used to assess liquefaction potential.
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The SCPT method has the advantage of providing continuous data with depth at relatively low cost.
SCPT data can be used in two ways. Under the first approach, SCPT data are converted to equivalent
N'so-values using procedures such as described in (Robertson and Wride 1997). Following this
conversion, the curve in Fig. 5.5 can then be used to assess liquefaction potential. Because most of the
soils encountered at Site 3A are not clean sands, this approach of using SCPT data converted to N'g,-
values was used more extensively in this evaluation.

A second approach in evaluating SCPT data uses the actual tip resistance values. This approach
allows the calculation of CRR without the need to convert to equivalent N's;-values and then applying
SPT-derived criteria. This approach of using direct SCPT tip resistance values was, therefore, used as an
additional check for the sands encountered in the SCPT tests at Site 3A.

A final technique to assess liquefaction potential is the use of shear-wave velocities. The use of
shear-wave velocity as an index of liquefaction resistance is appropriate because many of the same factors
that affect liquefaction resistance also influence shear-wave velocity (Andrus and Stokoe 1997). The
curves shown in Fig. 5.5 define the shear-wave-derived CRR for different percent fines content.

SPT results: Figure 5.6 presents the results of the bounding value evaluation using corrected N'g-values
for soil zones 3, 5, and 6. The vertical lines define the bounding values of SPT-derived CRR taken from
Fig. 5.5 for percent fines most similar to those of the corresponding soil zone. A bounding value of 21 is
shown for soil zones 3 and 6 because this is the bounding value for SPT-derived CRR for soils with >35%
fines. A bounding value of 25 is shown for soil zone S because this is the bounding value for soil with
~20% fines. Results are summarized in the right-hand column of Table 5.3. Based on the SPT-derived
CRR bounding values, 57% of the soils in zone 3 would be stable under the upper-bound earthquake load.
Similarly 47% of the soils in zone 5 and 85% of the soils in zone 6 would be stable.

SCPT (converted) results: Figure 5.7 presents SCPT data converted to N's-values for soil zones 3, 5, and
6. Again, the vertical lines define the bounding values of SPT-derived CRR taken from Fig. 5.5 for the
percent fines content most similar to that of the corresponding soil zone. Results are summarized in
Table 5.3. Based on the SPT-derived CRR bounding values (for SCPT data converted to N'g-values),
89% of the soils in zone 3 would be stable under the upper-bound earthquake load. Similarly, 41% of the
soils in zone 5 and 76% of the soils in zone 6 would be stable.

SCPT (tip resistance) results: Figure 5.8 presents the results of the bounding value evaluation using
direct SCPT tip resistance. Only those SCPT tip resistance values that are associated with sands or
gravelly sands are shown, since fine-grained soils are not prone to liquefaction. Figure 3.10 presents a
composite plot of all soil zones as a general check of liquefaction potential. Although all soil zones have
been combined in this general check plot, the results are similar to those for SCPT data converted to N'-
values, as shown in Fig. 5.9. Based on the SCPT-derived CRR bounding values for direct SCPT tip
resistance, 74% of the sandy soil zones would be stable under the upper-bound earthquake load.

Shear-wave velocity results: Figure 5.9 presents the results of the bounding value evaluation using shear-
wave velocities for soil types 3, 5, and 6. The vertical lines define the boundary values of shear-wave-
derived CRR taken from Fig. 5.5 for the percent fines content most similar to that of the corresponding soil
zone. Results are summarized in Table 5.3. Based on the shear-wave-derived CRR bounding values, 100%
of the soils in zones 3 and 5, and 92% of the soils in zone 6 would be stable under the upper-bound
earthquake load. With very few exceptions, the measured shear-wave velocities at Site 3A all lie to the
right of the vertical line that defines the boundary value CRR, suggesting that liquefaction is not likely.
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Table 5.3. Quantitative evaluation of liquefaction potential

Average Average Percentage of tests falling within stable range
Soil percent USCS depth Average Median Number Peak ground acceleration (PGA) Bounding
zone fines classification (ftbgs) CRR CRR  of tests 0.1g 0.2g 0.3g 04g 0.5g value
SPT N'sy data (CRR based on N'y) '
3 41 SP-SC 24 28.7 24.4 28 100 89 68 61 61 57
5 20 SP-SC 48 22.7 18.3 17 88 59 47 47 47 47
6 43 SM 55 316 27.7 26 100 100 88 85 85 85
SCPT data converted to N'sp-values (CRR based on N'g-values)
3 41 SP-SC 23 46.0 427 64 100 100 98 91 89 89
S 20 SP-SC 33 26.1 22.8 56 100 89 73 48 46 41
6 43 SM 49 24.8 25.7 176 100 98 93 34 83 76
Shear-wave velocity data (CRR based on shear-wave velocity)
3 41 SP-SC 23 1249.9 12043 19 100 100 100 100 100 100
5 20 SP-SC 49 1068.0 1006.1 19 100 100 100 100 100 100
6 43 SM 51 1028.0 1002.9 48 100 100 100 100 100 92

CRR = cyclic resistance ratio
N'¢o = corrected SPT blow counts
SC = clayey sand
SCPT = Seismic Cone Penetrometer Test
SM = silty sand
SP = poorly-graded sand

SPT = Standard Penetration Test
USCS = Unified Soil Classification System (ASTM D1586)



Note: Areas to the right of the CRR line are stable. Areas to the left could
experience liquefaction.
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The curves in Fig. 5.5 show that as the percentage of fine-grained materials increases, the curve
separating liquefiable vs. non-liquefiable areas shifts to the left, and the bounding CRR required to prevent
liquefaction becomes lower. While these curves are most applicable for sands (fines content less than
5%), and silty sands (fines content 15 to 35%), their use to evaluate the liquefaction potential of soils with
even higher percentages of fines (greater than 35%) is more conservative. For soils in zone 5, the average
percent fines (as described in Chap. 3) is approximately 20%, so that the evaluation is valid. For soils in
zones 3 and 6, the average percent fines is approximately 41 to 43%, so that the evaluation is more
conservative. The potential for liquefaction in these soil zones may, therefore, be overestimated.

5.5.3 Step 3: Quantitative Evaluation of Liquefaction Potential

The Step 2 screening done in Sect. 5.5.2 evaluated CRR values using an upper-bound scenario where
liquefaction would not be expected to occur even during earthquakes of high magnitude and strong
ground motions. Where lower ground accelerations occur, CRR values are encountered that fall to the left
of the bounding values. In these cases, the assumed earthquake loading conditions, groundwater levels,
soil type, and depth need to be quantitatively assessed to better define the liquefaction potential. Step 3
screening, therefore, evaluates the liquefaction potential for lower ground motions.

The local groundwater levels and soil density reported in Chap. 3 for Site 3A were used to develop an
estimate of the CSR that might be expected during lower ground motions. Using equation 5-1, CSR values
were calculated for each of the three granular soil zones (3, 5, and 6) and for PGAs ranging from 0.1 gto 0.5 g.
The highest value is based on the approximate maximum PGA presented in Chap. 7. The lower values
represent ground motions that are more realistic, that is, could occur more frequently at Site 3A.

The CRR for each soil zone was then developed using the relationships shown in Fig. 5.5, and these
CRRs were compared to the results of the SPT, SCPT, and seismic shear-wave velocity surveys presented
in Chap. 3. The soil types, their percent fines, average depth, average and median CRR, and liquefaction
potential under the range of ground motions (PGAs) listed above are presented in Table 5.3. The
following summarizes the results of this evaluation.

SPT Analysis: Table 5.3 shows the results using SPT data. At low PGA values, between 80 and 100% of
the soils would remain stable in all soil zones. At PGAs approaching 0.5 g, there is a greater potential for
liquefaction to occur. Based the SPT data, between 47 and 85% of the soils would remain stable at a PGA
of 0.5 g.

SCPT Analysis: Table 5.3 shows the resulting using SCPT data converted to N's-values. At low PGA
values, 100% of the soils remain stable. At PGAs approaching 0.5 g, there is a greater potential for
liquefaction to occur. Based on the SCPT data, between 46 and 89% of the soils would remain stable at a
PGA of 0.5 g.

Shear-Wave Velocity Analysis: Table 5.3 shows the results for shear-wave velocity data. Based on the
shear-wave velocity data, there is very little potential for liquefaction to occur under the full range of
PGAs. Even at PGAs approaching 0.5 g, 100% of the soils would remain stable.

5.5.4 Summary of the Liquefaction Potential at Site 3A

Many of the soils present at Site 3A are clays and silts that by their very composition are not prone to
liquefaction. A screening evaluation of the seismic and geotechnical properties of the soils at Site 3A
concluded that soils in zones 1, 2, and 4 are not prone to liquefaction, nor are they susceptible to severe

* strength loss similar to liquefaction. These soil zones would remain stable under any earthquake load.
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A quantitative evaluation was performed for the remaining granular soil zones (3, 5, and 6) using
bounding criteria, above which liquefaction would not be expected to occur even during earthquakes of
high magnitude (approximately 7.5 g) and strong ground motions. Based on this upper-bound scenario, it
is concluded that the soils would remain relatively stable; however, comparison of different data produce
different results. Shear-wave velocity data suggest all three soil zones are stable. SPT and SCPT data
suggest that some limited liquefaction could occur, particularly in soil zone 5. This analysis is
conservative and may overestimate actual liquefaction potential.

A subsequent quantitative evaluation was performed for soil zones 3, 5, and 6 using a range of
earthquake loading conditions for PGAs from 0.1 g to 0.5 g. Based on this range of ground motions, it is
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concluded that the soils would remain stable and Would not be expected to liquefy under low to moderate
levels of ground motion. However, some limited liquefaction within some of the sands and deformation
within some of the silts and clays could occur at PGAs approaching 0.5 g.

5.6 SUMMARY OF THE LIQUEFACTION EVALUATION

There is no definitive evidence of paleoliquefaction at PGDP. Paleoliquefaction is defined here as
seismically-induced liquefaction features associated with prehistoric Holocene or late Pleistocene
earthquakes. Field investigations conducted along portions of Bayou and Little Bayou Creeks found no
definitive evidence of paleoliquefaction on DOE property.

Field investigations conducted as part of the Seismic Investigation found no obvious liquefaction
features along the Ohio River in the vicinity of the PGDP. The riverbank afforded adequate exposure of
the sediments such that if large liquefaction features were present they would have been obvious.
Smaller-scale paleoliquefaction features may have been present but were not observed because of their
relatively small size or the typical veneer of river deposits and vegetative cover.

The literature does report some liquefaction features within 15 miles of PGDP. The closest are
located along the banks of the Ohio River, about eight miles to the northeast. These features are in the general
vicinity of Fort Massac, Illinois, a location where liquefaction was reported during the February 7, 1812,
New Madrid earthquake. These features were small and relatively unweathered, suggesting that they were
probably outlying liquefaction features resulting from the 1811 and 1812 New Madrid earthquakes. Small
liquefaction features are also reported in the literature along the Post Creek Cutoff, about 12 miles
northwest of the PGDP.

The absence of large liquefaction or paleoliquefaction features within 15 miles of PGDP suggests
that local strong ground motion has not occurred within the past few thousand years. In this context “local
strong ground motion” is taken to mean strong ground motion resulting from a local earthquake. The
small liquefaction features that have been observed are located in sediments that are especially prone to
liquefaction and are probably associated with large earthquakes originating outside the area. It should be
stressed that the available exposures may only provide a record for the late Holocene.

Many of the soils present at Site 3A are clays and silts that by their very composition are not prone to
liquefaction. In addition, laboratory evaluation of these materials found that they do not meet criteria that
distinguish those fine-grained soils that could experience large-scale strength loss, similar to liquefaction.
The sands encountered at Site 3A are generally firm and are not expected to liquefy under low to
moderate levels of ground motion. However, based on calculations presented in this report, it is concluded
that some limited liquefaction within some of the sands and deformation within some of the silts and
clays could occur at PGAs approaching 0.5 g.
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6. EVALUATION OF FAULTING

As discussed in Chap. 1, the Project Core Team has developed a list of seven questions that, when
answered, would address seismic issues related to the siting of a potential CERCLA waste disposal
facility at PGDP. This chapter reports on studies designed to address Questions 4 and 5 posed by the
Project Core Team. These two questions follow:

e  Question 4: Is there evidence of Holocene displacement of faults at PGDP?
e Question 5: Are there faults underlying the potential disposal facility site?

Table 6.1 repeats the questions and provides the answers based on these investigations. Data,
information, and details used to develop the responses presented in Table 6.1 are included in the body of this
chapter. The Fault Study performed as part of the Seismic Investigation program for Site 3A included
both a regional and a site-specific component. Results and interpretations made in each of these studies
are described in the following sections. To provide the proper content for these discussions, a brief
background on faulting precedes them.

Table 6.1. Summary of answers to Questions 4 and 5 posed by the Project Core Team

Question General answer
4. Is there evidence of This study did not find Holocene displacemeént of faults at Site 3A. Several faults identified in seismic
Holocene displacement  reflection data at 3A have been confirmed to extend through the Porters Creek Clay and into the
of faults at PGDP? materials underlying the surficial loess deposits. Three of these faults are interpreted to extend to

within approximately 20 ft of the ground surface. One DPT borehole encountered three fault planes at
depths between 22 ft and 28 ft. No faults were observed in the overlying loess. The radiocarbon dating
at Site 3A found that the loess is late Pleistocene in age with '*C dates ranging from 13,500 to

15,600 years BP. At the Barnes Creek site Tocated 11 miles northeast of PGDP this study found
Holocene age displacement of faults in deposits with '“C dates ranging from 5,000 to 7,000 years BP.

5. Are there faults The site-specific Fault Study identified a series of faults beneath Site 3A. For most of the faults
underlying the beneath Site 3A, relative movement along the main fault plane is normal, with the downthrown side
potential disposal...... to the east. These normal faults, along with their associated splays, either form a series of narrow
facility site? horst and graben features, or divide the local sediments into a series of rotated blocks. Several of the

faults extend through the Porters Creek Clay and into the materials underlying the surficial loess.”
Three of these faults extend to within 20 ft of the ground surface.

BP = years before present, where “present” is defined as 1950 A.D.
DPT = direct push technology
PGDP = Paducah Gaseous Diffusion Plant

6.1 BACKGROUND ON FAULTING

Faulting is a process by which tectonic forces in the earth's crust cause movement in rock, typically
as a result of an earthquake. This faulting results in a planar surface, or fault, across which there has been
observable displacement of the rock (i.e., where one side of the rock mass has moved relative to the other
side). Depending on the relative direction of displacement on either side of the fault, its movement is
described as normal, reverse or strike-slip.

In a normal fault, the side above the fault slides downward relative to the side below the fault. A
reverse fault is just the opposite; it forms when the side above the fault slides upward. A strike-slip fault
is one where the rock masses slide horizontally with respect to one another. These faults are fairly steep,
and can be nearly vertical.
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In areas under tension, the rocks are being pulled apart by tectonic forces. In these areas, called "rift
zones", groups of normal faults can form, producing what is known as horst and graben topography. A
horst is a relatively high-standing area formed by the movement of normal faults that dip away from each
other. The result can be seen as an apparent up-thrown rock mass or an arch-shaped rock surface. A
graben, on the other hand, is a relatively low-standing area formed by the movement of normal faults that
dip toward one another. The result can be seen as a down-dropped block or bowl-shaped rock surface.

Old faults that formed in one type of stress field are commonly re-activated or serve as the location
of renewed movement under new stress orientations. For example, while normal faults are usually formed
in areas under tension, they can experience strike-slip motion if the stress field changes.

Faults also can occur as extensions of the rock faults upward into the soil profile. Faults in soil can
also be normal, reverse, or strike-slip, and can also cause horst and graben features. These are the types of
faults investigated in this Seismic Investigation.

6.2 REGIONAL FAULT STUDY

During a scoping meeting held on June 6 and 7, 2001, DOE, EPA, and the Commonwealth of
Kentucky agreed that the purpose of the regional Fault Study is to collect data that will support designing
a potential on-site CERCLA waste disposal facility. In a follow-up workshop held on July 11 and
12, 2001, the Project Core Team, in consultation with subject-matter experts including representatives
from the Kentucky Geological Survey, ISGS, Mid-America Earthquake Center, and the University of
Memphis, selected a site in Massac County, [llinois, for the regional Fault Study. The site selected is
located at and near Barnes Creek, approximately 11 miles northeast of PGDP (Fig. 6.1).

The Barnes Creek site was selected because it has been extensively investigated previously by the
ISGS, so that a great deal of information was already known about the faulting there (Nelson et al. 1997).
In addition, faulting is readily visible in the deposits exposed on the banks of the Barnes Creek channel.
This provides geologists the opportunity to determine whether faulting extends into the geologically
young sediments over a broad exposed stretch of the creek. Finally, as discussed in Sect. 3.2, the Barnes
Creek fault zone, if extended below the Mississippi Embayment, would be the most likely fault system to
pass through or near PGDP. Therefore, evaluation of faulting at Barnes Creek may provide valuable data
for supporting design of any potential CERCLA waste disposal facility at Site 3A.

A group of southwest-trending fault zones termed the Fluorspar Area fault complex extend through
the area of the Barnes Creek site, as shown on Fig. 3.2, The Fluorspar Area fault complex is composed
mostly of high-angle normal faults that outline horsts and grabens. High-angle reverse and oblique-slip
faults also are present in the bedrock and reflect multiple episodes of movement. Vertical dip-slip offsets in
Paleozoic rocks are as great as 2250 ft; the horizontal strike-slip component is undetermined. The locations
and trends of the geologic structures in the Barnes Creek channel suggest that they may represent the
southwestern extensions of these bedrock faults (Fig. 3.3). A seismic reflection profile (Sexton et al.
1996) shows that faults exposed in the streambed are upward extensions of high-angle normal and reverse
faults in Paleozoic bedrock.

At the time when these normal and reverse faults were originally formed, the bedrock was in tension,
pulling itself apart; but today the bedrock is in compression, pushing itself together. Therefore, the
stresses that caused the faults to develop no longer exist. However, some of the faults have likely been
reactivated as strike-slip faults under the current compressional stress regime.
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The Cretaceous McNairy Formation overlies the bedrock. Unlike at Site 3A, where the McNairy
Formation is covered by approximately 155 ft of sediments, at Barnes Creek much of these sediments
have been eroded away and the McNairy is exposed near the base of the creek (Fig. 6.2). The McNairy, is
covered by about 10 to 20 ft of relatively young sediments along the creek banks.

Barnes Creek drains a wide floodplain. Prior to the 1920s, the creek meandered across the low-lying
area and cut several scarps or “cut banks” in the adjacent terraces. Figure 6.3 shows some of the probable
old stream channels. A man-made channel was excavated in the 1920s or 1930s that permanently
realigned the creek to its present location. Since that time, the increased gradient of the man-made
channel has resulted in downward cutting of the streambed.

The regional Fault Study included two principle activities: (1) detailed mapping of a 2600-ft portion
along Barnes Creek and (2) GPR and DPT investigations of a suspected nearby graben, referred to as the
“terrace graben” (Fig. 6.4). During this investigation more than 300 digital photographs were collected,
documenting the stratigraphy, faulting, and collection of organic samples for radiocarbon (**C) age
dating. These have been organized into a CD-based Web page that can be viewed in an interactive mode.
Figure 6.5 shows the home page of this CD-based support tool. By loading the CD and clicking at the
various locations highlighted on the home page, the reader can view all of the photographs taken in their
proper context. A series of panoramic views at each of the “stops” mapped during this investigation can
also be viewed, panned and zoomed for closer inspection of the stratigraphy and faulting. A photograph
of each in-place '*C sample is also included to document this aspect of the study.

The approach used in the Barnes Creek bank study consisted of the following four components:

identify the key geologic units and their relationship (local stratigraphy),
identify and characterize faults and other geologic structures,

identify each geologic unit’s relationship with the observed faults, and
date the geologic units to establish ages of past movements.

These components were accomplished by systematic examination of both banks of Barnes Creek in
the study area. A local survey baseline was set up to aid in identification of stationing for the features
studied (Fig. 6.4). In areas of interest, scraping of surface materials, roots, and other vegetation was
completed to provide continuous exposure. Work was completed by SAIC geologists and, for two days,
with the help of scientists from the ISGS. A scientist from the University of Memphis aided in the
collection of charcoal samples for radiocarbon age dating.

In the terrace graben area, approximately 2700 ft of GPR survey data were collected. Ten DPT
boreholes were then cored to better define the limits of the potential terrace graben and its boundary
faults. In addition, a total of five samples were collected for radiocarbon age dating.

6.2.1 Stratigraphy at Barnes Creek

Figure 6.3 presents the regional stratigraphic column as presented by Nelson et al. 1997. The figure
illustrates the ages and the typical thickness of the units in the Massac County, Illinois, study area. The
younger silt units (Peoria, Roxana, and Loveland) are loess deposits formed by wind-blown dust during
inter-glacial periods. These loess deposits are easily recognizable units and serve to aid in stratigraphic
interpretation. Although preserved on the higher terraces in the area surrounding Barnes Creek, the loess
deposits have not been identified in the creek itself.
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Within Barnes Creek itself, four stratigraphic units were identified as follows.

young alluvium

old alluvium

the Metropolis Formation
the McNairy Formation

e o o o

For the purposes of this study, the Metropolis Formation was also subdivided into an “upper” and
“lower” unit. Each of these units is described below and shown on Fig. 6.3. Figure 6.3 also gives general age
estimates based on radiocarbon age dating performed during this investigation. A photograph of a section in
Barnes Creek where all of these units are present is shown as Fig. 6.6. Each of the units is described below.

Young Alluvium: This material caps or is exposed in virtually all of the creekbank to a thickness
generally exceeding 2 to 6 ft. It is composed of soft, unconsolidated light brown sandy silt, silty sand, and
sand with minor clay or small gravel in some areas. The internal structure varies from massive to weakly
bedded. The upper portion of the unit contains abundant modern roots and rootlets although no soil
profile formation has occurred. Three *C dates are available from this material; they indicate that this unit
has been deposited within the past 500 years. As represented in Fig. 6.3b, this unit is present along the
entire stretch of Barnes Creek. Because of local erosion that took place prior to its deposition, the young
alluvium can lie directly over any of the older units.

Old Alluvium: In several areas within Barnes Creek, an older, deeply weathered alluvium has been
observed. This material is typically light gray and contains numerous small iron nodules or stains yielding
a spotted appearance (Fig. 6.6). Some larger scale (6 to 18 inches) darker gray motiling is observed in
some areas. The unit generally appears as a massive fine sand or silty fine sand. The thickest exposures of
this unit are approximately 6 ft. Obvious bedding planes or internal structures such as cross bedding or
cut-and-fill have not been observed. Indistinct bedding on a scale of 6 inches to 1 ft has been observed as
small changes in the relative percentages of sand and silt and minor clay. As represented in Fig. 6.3b, this
unit is not present along the entire stretch of Barnes Creek. When present, it is always covered by the
young alluvium. Because of local erosion that took place prior to its deposition, the old alluvium can lie

directly on the upper Metropolis, lower Metropolis, or McNairy sediments.

It is possible that this unit has been thoroughly disturbed (e.g., by tree roots or animal burrows) such
that any originally internal structure has been obliterated. In some outcrops, thin, minor gravel appears in
the uppermost part of the section. There are almost always several inches of loose gravel at the base of
this formation. A total of two organic samples were collected from within this unit; the dates indicate that
this unit was deposited within the past 5000 years. Because the young alluvium caps this unit and it is
heavily weathered, it is thought to be at least S00 years old.

Metropolis Formation: Nelson et al. 1997 mapped the gravel-rich unit in Barnes Creek as the
Metropolis Formation, a fluvial terrace deposit of Pleistocene age. As described in Nelson, the typical
Metropolis Formation is “principally silt and sand, with lesser amounts of clay and gravel. The unit is
largely unsorted to poorly sorted and massive to indistinctly bedded. Strong mottling in yellowish gray,
brown, orange and red is characteristic. The Sangamon Geosol is at the top and marks the upper
boundary. Thick, multiple weathering profiles are developed below the Sangamon at many outcrops.”
Also, the identification of the Metropolis Formation is more certain in areas where is it is clearly overlain
by the interglacial loess (wind-blown silt and sand) deposits of the Peoria, Roxana, and Loveland Silts.
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The typical grain size of the Metropolis Formation and the existence of multiple weathering profiles
suggest deposition over a long period of time by slowly meandering sluggish streams typical of fluvial terrace
deposition. Work in Barnes Creek during this study suggests that the unit originally mapped as Metropolis
in Bames Creek by Nelson in 1999 may not actually be the Metropolis Formation. This conclusion is based on
several observations, as follows: First, exposures in Barnes Creek are typically 50 to 80% gravel units, with
minor interbeds of sandy or clayey material. This is the inverse of the more typical Metropolis grain-size
distribution. Second, no soil profiles were observed within the Metropolis exposures in Barnes Creek, in
contrast to the numerous soil profiles observed elsewhere. Third, the finer-grained subunits in Barnes
Creek are not extensively mottled or burrowed, although some mottling and burrowing was observed. While
not conclusive, these field observations suggest that within Barnes Creek, the gravel-rich deposits
originally mapped as Metropolis Formation are younger, re-worked, and re-deposited materials derived
from Metropolis outcrops upslope. As discussed below, radiocarbon dates support this interpretation. In his
1999 study, Nelson noted that the age of this unit was uncertain.

For the purposes of this study, however, this unit will be referred to as the Metropolis Formation.
This will correlate with previous researcher’s nomenclature and will be consistent with the dating
information collected during this investigation. Within Barnes Creek, the Metropolis has been further
subdivided into the upper Metropolis and the lower Metropolis.

The upper Metropolis consists of interbedded gravel, sand, and silt layers and lenses indicative of
small scour and cut-and-fill structures (Fig. 6.6). Individual beds are generally less than 6 inches thick and
less than 10 ft wide. Total thickness of the upper Metropolis is rarely more than 1 to 2 ft. As represented
in Fig. 6.3b, this unit is not present along the entire stretch of Barnes Creek; however, when present it
always overlies the lower Metropolis. A total of five organic samples were collected from within this unit.
The dates indicate that it was deposited between 5000 to 7000 years ago.

The lower Metropolis is predominately massive to weakly bedded gravel deposits, with flattened and
rounded chert and quartz clasts ranging from 1 to 2 inches in diameter (Fig. 6.6). The gravel appears
generally matrix supported, with a matrix of sand and silt. Except where thickened in the grabens, the lower
Metropolis is generally less than 3—4 ft thick. No organic samples were found within the lower Metropolis.
However, because the upper Metropolis overlies this unit, it can be concluded that it is at least 7000 years
old. Radiocarbon dates from the terrace graben area (discussed in subsequent sections) suggest that it
probably dates to the late Pleistocene.

McNairy Formation: The oldest exposed materials in Barnes Creek belong to the Cretaceous-aged
McNairy Formation, which is many tens of millions of years old. This formation ranges from finely
laminated to massively bedded. It is composed of beds of clay, silt, and fine sand. Many of the units are
highly micaceous (Nelson et. al. 1996). The McNairy is present at or near the low-water line along much
of Bammes Creek (Fig. 6.6). In some areas, it reaches as much as 4 to 5 ft up the bank (Fig. 6.7). Except in
areas where it has been faulted, the bedding planes of the McNairy Formation are near horizontal, although
some gentle folding increases dips to 5 to 10 degrees in some areas.

6.2.2 Geologic Structures at Barnes Creek

Geologic structures in Barnes Creek include individual joints, faults, clay dikes, and paired faults
forming down—dropped blocks known as grabens. Each of these types of structures is described below.

Joints, Faults, and Clay Dikes: A number of individual joints, faults, and clay dikes have been

identified in the study area. As used in this report, the term “joint” refers to a distinct planar break across
which there has been no relative movement. The term “fault” refers primarily to a distinct plane along
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Example of clay dike in the McNairy. The lower Metropolis lies over this feature and shows no
deformation, indicating that motion took place prior to its deposition. The curved gray shape to
the right of the clay dike is an infilled animal burrow.
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which relative movement has clearly taken place. The term “clay dike” is applied to features that appear
as well defined clay-filled or clay- and gravel-filled planar features usually several or more inches thick,
but usually with no discernable displacement of the geologic units on either side. They are thought to
represent cracks or “pull-aparts” in the near-surface units associated with lateral movement along deep
basement faults that subsequently filled with clay and small gravel from above. A number of the clay
dikes were examined for shear textures or slickensides, which could suggest lateral (strike-slip) movement.
A few minor textures suggesting some limited component of horizontal motion were found, but not
enough to make any definitive interpretations.

Faults and clay dikes are evident in the McNairy Formation. Clay dikes are generally absent in the
overlying Metropolis materials. Joints are found in both the McNairy and Metropolis formations. Neither
joints, faults, nor clay dikes, however, have been found to offset or disturb either of the overlying alluvial units.

Some of the faults are wide enough to contain a mixture of clay and gravel, while others are single
planes with no filling. All of the clay dikes contain the mixture of gray, plastic clay, and small rounded
gravel. Geochemical alteration, especially deposition of iron and manganese along the edges of the faults
and clay dikes, has enhanced the appearance of many of the structures. Geochemical alteration along joint
surfaces is often indicated by light gray coloration.

Figure 6.7 illustrates a clay dike in the McNairy Formation. The gray clay and small white pebbles
are clearly evident within the dike, and the boundaries with the McNairy Formation are sharp and distinct.
The darker brown bands within the McNairy Formation that parallel the clay dike are iron minerals
deposited from groundwater moving through the dike and into the walls of the McNairy. In this example,
the clay dike is cleanly truncated at the top by undisturbed gravel layers of the brown lower Metropolis
materials. Also the clay and pebbles within the clay dike are distinctly different than the Metropolis materials,
suggesting that the clay dike formed and was filled prior to deposition of the Metropolis gravels.

Figure 6.8 illustrates a normal fault in the McNairy Formation. This fault is about 3 inches wide and
contains light gray, plastic clay, and small pebbles. The arrows on the figure illustrate the relative
movement. Total vertical offset is less than a few inches. The fault terminates at the top of the McNairy
Formation. The overlying alluvium is not offset. As illustrated in Figs. 6.7 and 6.8, erosion has removed
the Metropolis and old alluvium at these two locations and the young alluvium lies directly on the
McNairy Formation. .

Figure 6.9 illustrates an example of multiple geologic structures at the same location. In the McNairy
Formation, a clay dike about 6 to 8 inches wide is filled with gray clay and small gravel. Groundwater
moving through the clay dike has resulted in precipitation of dark red bands of iron oxides on each side of
the zone. In this case, the clay dike is truncated at the base of the lower Metropolis gravel. The gravel is
continuous and undisturbed across the dike, indicating that formation of the clay dike pre-dated the
deposition of the gravel.

Approximately 3 ft of lower Metropolis gravels and 1 ft of finer-grained upper Metropolis materials
are exposed above the McNairy Formation at this location. A joint has developed in the Metropolis materials
parallel to and aligned with the clay dike. Since the joint breaks the Metropolis materials, it represents
deformation after the materials were deposited and at least partially cemented. Note the gray color of the
joint in the lower Metropolis. The upward extension of the joint into the finer-grained upper Metropolis is
not easily visible on the photo, but the joint clearly extends to the base of the young alluvium where the
scientist is pointing his finger. Note that erosion has removed the old alluvium at this location prior to the
recent deposition of the young alluvium.
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View of south bank of Barnes Creek. Trend of the fault is N52E. The total vertical offset is about
4 inches, down to the east (left). The fault ends at the top of the McNairy Formation and the
overlying alluvium is undisturbed.
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View of north bank of Barnes Creek. Note the 6-in. wide clay dike in the McNairy Formation. The
fracture narrows in the lower Metropolis and narrows again in the upper Metropolis, suggesting
repeated opening over time.The joint in the Metropolis materials extends through the upper

Metropolis to the base of the young alluvium, as pointed
to in the photo. The young alluvium is not disturbed.
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This example illustrates multiple episodes of deformation at the same location, as the original clay
dike must be older than the lower Metropolis and the joint must be younger than all the Metropolis
materials. This relationship has been observed at several locations within the study area. In most cases,
the older deformation is more severe than the youngest (for example old clay dikes associated with
younger joints). This observation suggests that multiple episodes of deformation have occurred since the
deposition of the lower Metropolis. In general, the intensity of the deformation appears to have decreased
with time (i.e., the younger features are generally smaller and show less deformation).

Figure 6.10 illustrates a situation similar to that shown on Fig. 6.9. At this location, a clay dike in the
McNairy Formation is truncated by gravels of the lower Metropolis (at point “A” on the photo). However,
in this case, reactivation after deposition of the lower Metropolis resulted in development of a normal
fault, which offset the lower Metropolis about 8 inches. The normal fault terminates at the base of the
young alluvium, shown by the red flagging on the photo.

Grabens: Grabens are formed by pairs of normal faults resulting in the down dropping of the central
block. All of the grabens exposed in Barnes Creek offset the McNairy Formation and most involve at
least a portion of the Metropolis Formation. Most trend to the northeast, roughly parallel to the mapped
bedrock faults and the trend of both the NMSZ and WVSZ. Grabens are considered the result of
extensional forces. Because this region of the country is under generally east-west compression, the
formation of such extensional features is interpreted to be the result of tearing or pulling-apart of near-
surface rocks associated with larger-scale strike-slip faulting in the basement rocks.

Figure 6.11 shows one of the grabens in Barnes Creek, which down dropped both the McNairy
Formation and the gravels of the lower Metropolis. The graben is approximately 24 inches wide. The
materials within the graben have down dropped about 12 inches. The bedding in the lower Metropolis
unit within the down-dropped block is intact, suggesting that the graben developed after the gravels were
slightly cemented. Joints within the down-dropped block have been bleached a light gray color by geochemical
interaction with groundwater. The faults and joints exposed at this location end at the base of the brown
young alluvium. The upper Metropolis and old alluvium are not present in this outcrop. The young
alluvium is not offset or disturbed. Figures 6.12 and 6.13 provide an additional overview of some of the
grabens observed in the creek banks and thin relative position to some of the other types of features observed.

The largest graben in Barnes Creek is the Westerman graben, which has a total width of about 200 ft.
A borehole was drilled by Nelson et al. 1997 to a depth of 104 ft without exiting the Metropolis materials.
The borehole data indicates at least 75 ft of Metropolis materials in the center of the graben. The
Metropolis materials exposed along the stream bank within the graben show a variety of textures, ranging
from colluvial “landslide” textures, to normal channel cut and fill structures (Fig. 6.14). This observation
suggests possible multiple down dropping episodes during formation of the graben. The Westerman
graben is bounded by parallel faults that strike approximately N25°E. At each boundary fault, the
McNairy Formation is tilted sharply towards the center of the graben (Fig. 6.15). The central portion of
the graben is filled with Metropolis Formation materials.

6.2.3 Age Dating at Barnes Creek
The relative timing of deformations observed in Barnes Creek is determined by the crosscutting of
soil layers observed in the field. For example, undisturbed lower Metropolis materials overlie some clay

dikes, joints, and faults in the McNairy Formation, indicating that the deformation in the McNairy was
completed by the time the Metropolis materials were deposited.
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View of south bank of Barnes Creek at station 07+30. Note the clay dike in the McNairy Formation
has been truncated by gravels of the lower Metropolis formation at point “A.” Later, once at least

4 ft of gravel had been deposited, the right side of the
feature reactivated as a normal fault, down dropping the
base of the lower Metropolis gravels about 8 inches. The
normal fault ends at the boundary with the alluvium,

as shown by the square of red flagging. The alluvium
is not offset.
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View of south bank of Barnes Creek. The graben is about 24 inches wide and has down dropped the
base of the lower Metropolis gravel about 12 inches. Bedding in the Metropolis materials is intact

within the graben, indicating the material was cemented
to some degree when the graben formed. Numerous joints
have been bleached to a light gray color. Several smaller
joints extend to the base of the young alluvium. The
alluvium is not offset or disturbed.
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Fig. 6.12. Faulting and stratigraphy at stops 2 and 3.
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Fig. 6.13. Faulting and stratigraphy at stops 8 and 9.
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This represents the eastern border of the Westerman graben. To the left of the fault, the McNairy
Formation is nearly horizontal. At the fault, the McNairy abruptly dips 30 to 40 degrees to the
west, towards the center of the graben. The fault and the
dipping beds trend to the northeast. The border fault

terminates at the base of the young alluvium. U.S. DEPARTMENT OF ENERGY
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In other locations, such as the graben shown on Fig. 6.11, both the McNairy and the lower Metropolis
are deformed to the same extent, indicating that the deformation took place after the deposition of both
formations. In still other areas, multiple episodes of deformation can be seen (Figs. 6.9 and 6.10), indicating
that the deformation took place both before and after deposition of the Metropolis Formation. In no case
was either the old, weathered alluvium or the young, unweathered alluvium found to be offset, jointed, or

otherwise disturbed.

However, such relative age dating does not provide absolute ages of the deformation. As such, all of
the units exposed in Barnes Creek were searched for pieces of detrital charcoal for the purposes of (¢
dating. The identification and selection of samples for dating must be done with care to ensure that the
sample is a loose piece of charcoal that was deposited at the same time as the surrounding sediments, and
not a piece of a much younger root. Where possible, multiple samples are collected from the same locahty
to provide verification of the ages determined.

A total of 14 charcoal samples were collected in Barnes Creek. Sufficient carbon was present in 10
of these samples. Their radiocarbon ages are presented in Table 6.2. The radiocarbon dates show that the
young alluvium is modern (less than 500 years BP). The old alluvium dates from about 500 to 5000 years
BP. The upper Metropolis dates from 5000 to 7000 years BP. Because faults were observed to cut this
unit, at least one episode of mid-Holocene deformation occurred at Barnes Creek.

Table 6.2. Summary of organic samples and ¢ age dating’ from Barnes Creek bank study

Barnes Depth from C ‘ ' N}'easured
Sample Creek top of bank *C age
number Station (ft) Stratigraphic location (years BP) 2 Implication
CCFRBS-01 11+82 5.9 Near base of old alluvium 3,630+ 50*  Minimum age of older gray
S : , : ‘ 5 - alluvial materials
CCFRBS-06 13+71 8.5 Young alluvium 3 inches 390+ 50 Approximate age of
above Metropolis; older younger brown alluvial
alluvium few ft to east materials
CCFRBS-07  04+61 4.0 6 inches above Metropolis 5360 + 50 Minimum age of upper
in older gray alluvium Metropolis; maximum age
of older alluvium
CCFRBS-08 04+61 5.0 0.7 ft into upper 5010 50 Minimum age of upper
Metropolis; possible root Metropolis
cast
CCFRBS-09  04+61 4.0 In upper Metropolis 6690 + 50 Age of upper Metropolis
CCFRBS-10  04+61 6.0 Upper Metropolis in 5410+ 50 Age of upper Metropolis
: stratified gravel
CCFRBS-11 07+82 6.0 Upper Metropolis in 5700 £ 50*  Minimum age of upper
' stratified gravel Metropolis
CCFRBS-12 08+21 7.0 Upper Metropolis in 541050 Age of upper Metropolis
stratified gravel '
CCFRBS-13 07+20 3.0 Young alluvium in draw 190 = 50 Minimum age of younger
135 ft north of Barnes brown alluvial materials
Creek
CCFRBS-14 07+20 3.8 Young alluvium 210+ 50 Minimum age of younger

brown alluvial materials

'Dates are reported as radiocarbon years before present (BP), where “present” is defined as 1950 A.D.
*Measured "C ages are based on the observed half life of '*C.
*Convential age per Appendix B.
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6.2.4 Results of the Barnes Creek Bank Study

Neotectonic studies in a portion of Barnes Creek, Massac County, Illinois, were carried out to
determine if mapped faults have moved within the Holocene Epoch. Investigations in the creek identified
five geologic units. The three oldest units exhibit faults, clay dikes, and joints. The two younger units are
not faulted.

The trends of the geologic structures (generally northeast-southwest) and style of deformation is
consistent with bedrock faults mapped to the north of the study area by the ISGS. The northeast-
southwest trends are also consistent with the trend of the NMSZ to the southwest, suggesting that these
features may be related.

The relative timing of the observed deformations varies. A number of geologic structures are limited to
the McNairy Formation and clearly pre-date deposition of the Metropolis materials. Other features involve
both the McNairy and Metropolis materials to the same extent, while others appear to be re-activation of
old features in the McNairy after or during deposition of the Metropolis materials.

The radiocarbon ages obtained and the geologic relationships observed in the field confirm that repeated
deformation has occurred along some of the faults observed in this portion of Barnes Creek. Deformation
began prior to the deposition of the lower Metropolis (inferred to be the late Pleistocene), continued
during the deposition of the upper Metropolis (which is 5000 to 7000 years old), and most recently
occurred in the mid-Holocene, after the deposition of the upper Metropolis (within the last 5000 years).
Therefore, faults observed at the Barnes Creek site did extend into Holocene-age deposits. The maximum
displacement observed in a single event is approximately 1 ft in the lower Metropolis.

6.2.5 Terrace Graben Investigation

North of Barnes Creek a marshy swale about 300 ft wide trends northeast-southwest, directly in line
with a normal fault exposed in the streambed. A small creek formerly flowed through this swale. The
creek was re-routed to the west at the same time Barnes Creek was channelized. The elevation in the
swale is about the same as the elevation in the broad bottomland. During rains, surface water travels along
the swale on its way to Barnes Creek.

Previous investigators (Nelson et al. 1997) have suggested that the observed morphology represents
a graben that offsets the Pleistocene terrace, hence the name “terrace graben.” If this is a fault-related
feature, the observation that it is expressed in the local topography suggests that the motion may be very
recent.

Previous drilling on the terrace showed the loess overlying less than 7 ft of Metropolis Formation,
resting on the McNairy Formation. A drillhole within the swale penetrated 10 ft of alluvium overlying
about 60 ft of Metropolis, then McNairy silt and sand with steeply dipping lamination. Area investigations
have found that the Metropolis ordinarily is 5 to 15 ft thick, suggesting faulting or down cutting and
subsequent infilling of an old stream channel is responsible for the thicker section beneath the swale.

During the regional Fault Study, a GPR survey was performed along three parallel profiles that cross
the postulated graben area. Ten DPT borings were then drilled on the adjoining terrace and across the
swale to better define the subsurface and locate the border faults. Organic samples were collected to
determine the age of movement (Table 6.3).
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Table 6.3. Summary of organic samples and '*C age dating’ at the terrace graben area

Sample Depth Measured “C age

number Boring (ft) (vears BP)’ Implication
CCFRD460-1 DPT-460 35 1,160 £ 40 Age of alluvium
CCFRD560-1 DPT-560 11 9,160 £ 50 Approximate age of top of Metropolis
CCFRD610-1 DPT-610 52 7,230 + 40 Age of bottom of alluvium or top of Metropolis
CCFRD736-1 DPT-736 43.7 11,130 £ 60 Age of Metropolis
CCFRD736-2 DPT-736 218 10,760 + 50 Age of Metropolis

'Dates are reported as radiocarbon years before present (BP), where “present” is defined as 1950 A.D.
*Measured "C ages are based on the observed half life of *C.

Figure 6.16 presents the results of these investigations. On the terrace, the loess is 7-10 ft thick and
mantles the Metropolis. The Metropolis is 10-15 ft thick and overlies the McNairy. Bedding in the
McNairy is nearly horizontal in most terrace boreholes. The loess thickness is nearly uniform on the
terrace, outside of the graben. The top of the Metropolis Formation slopes nearly parallel with the ground
surface.

Within the swale, two areas where the loess is either eroded away and replaced by more recent
alluvium or reworked into more recent alluvium were identified. The first location is near station 460 and
is about 4 ft thick; the second is between stations 610 and 800 and is up to 10 ft thick. Within the lower
area, the Metropolis is present below the loess and alluvium. The Metropolis is generally identified by the
first occurrence of chert pebbles in the borehole and includes silty sand, sandy silt, or clay. These
sediments are strongly mottled in shades of gray, yellow, and orange.

Between stations 600 and 800, the Metropolis thickens to a maximum of more than 40 ft in DPT 736.

' The materials within the deeper part of the graben are generally finer grained than the shallower Metropolis

sediments. Bedding in the fine grained sediments is horizontal and the layers exhibit a varve-like texture. This
texture is usually indicative of a low energy depositional environment, often in a peri-glacial setting.

Investigation of the terrace graben area concluded that the observed stratigraphy is consistent with a
combination of two models: (1) a graben with up to 50 ft of displacement within the past 12,000 years,
and (2) an erosional feature with up to 50 ft of infilling within the past 12,000 years. The steeply dipping
McNairy in the low area tends to support a graben fault model. The character of the deeper deposits,
however, suggests an erosional and depositional origin. Therefore, the observed morphology is not
necessarily a fault-related feature (graben) as had been previously suspected.

The location of the organic material samples and their corresponding "“C ages are shown on Fig. 6.16.
The data indicate that the alluvium was deposited within the past few thousand years. The most important
aspect of the '*C ages is that the deep fine-grained sediments beneath the Metropolis are approximately
11,000 years old, indicating that the overlying Metropolis dates from the late Pleistocene or early
Holocene. Figure 6.17 shows one of the organic zones that was dated using *C techniques.

Plans originally called for trenching at one or both of the boundary faults of the terrace graben. The
trench would need to be at least 10 ft deep to expose the base of the alluvium and/or loess. Unfortunately,
the most likely place to encounter a border of the graben fault is the worst possible place to excavate. The
water table is just below the ground surface and the present drainage passes directly through the location
where a trench would be most appropriate. In addition, the landowner was generally opposed to opening a
large excavation.
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Based on these factors and the success in obtaining datable materials in Barnes Creek, the DOE
investigation team deferred trenching at this site. The investigation at the terrace graben area did provide
an age constraint for the lower Metropolis that is present in the banks at Barnes Creek.

6.3 SITE-SPECIFIC FAULT STUDY

The purpose of the site-specific Fault Study was to answer Questions 4 and S posed by the Project
Core Team; namely, whether there is evidence of Holocene-age displacement at PGDP, and whether there
are faults underlying the potential CERCLA waste disposal facility site. The site-specific Fault Study was
conducted in two phases, referred to as the initial activities and follow-up activities. The initial activities
included a p-wave survey, a GPR calibration survey, and a Project Core Team meeting.

As called for in the Seismic Assessment Plan, the follow-up activities originally included an s-wave
survey, a GPR survey, 10 DPT boreholes, and excavation of 3 test pits and a trench.

Based on the results of the GPR calibration survey conducted during the initial activities, it was
concluded that GPR was not a viable investigative tool at Site 3A. The local soils prevented the effective
penetration of the radar waves. Consequently, the follow-up GPR survey was not implemented at Site 3A.
Further details regarding the GPR calibration survey for the Fault Study are presented in Chap. 2 and in
Appendixes C and D.

Although excavation of test pits and a trench were planned to collect visible evidence of shallow
faulting, the locations of the suspected faults defined during the initial activities resulted in field
conditions that would greatly hinder excavation. Several factors led the DOE investigation team to defer
trenching. These factors included the following:

e  The depth and size of the excavation that would be required to reach “marker” units that could be
surveyed for evidence of faulting would be excessive (greater than 20 ft deep).

e  The physical characteristics of the loess deposits suggest that holding open an excavation in these
materials would be difficult and present a safety concern for the investigators.

e  Relatively shallow water levels in the loess deposits at the potential trenching locations would have
made excessive dewatering a requirement.

e  The presence of potential wetlands, paved roads, and an underground utility immediately adjacent to
a potential test pit and trench location would create further obstacles.

The DOE investigative team concluded that if additional data were to be required, a safer approach
might include the installation of tightly-spaced DPT borings in lieu of test pits and trenches.

6.3.1 Initial P-wave Survey

During the initial activities, p-wave seismic reflection data were acquired along seven survey lines
totaling approximately 16,000 lin. ft of surface coverage. The target zone for the p-wave survey extends
from the bedrock surface (approximately 400 ft bgs) upward into the overlying McNairy and Porters
Creek Clay Formations (approximately 50 ft bgs). The locations of the survey lines relative to PGDP and
other permanent geographic features are shown in Fig. 6.18. Appendlx C summarizes the data acquisition
and field methods used to conduct the investigation, and includes sections on data processing,
interpretation, and conclusions.
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Completion of the p-wave survey was planned as a key decision point in the site-specific Fault
Study. If the initial p-wave survey found no indication of deformation in the sediments overlying the
bedrock, then it would be assumed that no young faulting is present and no follow-up activities would be
necessary. Conversely, if deformation of the overlying sediments (especially the Porters Creek Clay) were
indicated, then additional follow-up activities (including an s-wave survey) would be conducted to
determine if the deformation extends up into the even younger (near-surface) loess.

The p-wave survey was successful in imaging several horizons beneath Site 3A, including the top of
limestone bedrock, top of the McNairy, and portions of the Porters Creek Clay. A total of 11 potential
north-northeast trending faults have been interpreted in the data (Fig. 6.19). Profiles of the instantaneous
phase sections from p-wave survey Lines 2 and 3, showing soil borings and potential faults are presented in
Figs. 6.20 and 6.21. A discussion of the seismic profiles and their associated potential faults is provided below.

All of the faults are interpreted to trend north-northeast, as shown on Fig. 6.19. All of the fault
features are interpreted to dip toward the east-southeast and to extend from the Paleozoic limestone
bedrock at least up into the McNairy Formation.

Relative movement on each side of the fault has been depicted as up-thrown (U) or down-dropped
(D) on Fig. 6.19. This relative movement along each of the interpreted faults from Fault 1 through Fault 7
is down on the east; representing a series of westward-rotated blocks throughout the western portion of
Site 3A. Antithetic faults (ones that dip in the opposite direction of the main normal faults) may be
present at Faults 3, 4, and 5. In addition, between Faults 4 and 6, a significant upward-arching (anticline-
like) feature is evident as an approximately 10 to 15 msec pull-up in the data (15 to 25-ft vertical rise in
soil horizons), as can be seen on Figs. 6.20 and 6.21. This feature is interpreted to be narrower at the
northern edge of Site 3A, and to broaden toward the south-southwest. Relative movement from Faults 7
through 11 represents a complex of horst and graben structures throughout the eastern portion of Site 3A,
with the graben structures interpreted between Faults 7 and 8 and between Faults 9 and 10.

e  Fault 1: Fault 1 is identified in the extreme northwest corner of Site 3A. This fault extends from
bedrock into the McNairy Formation. Although anomalous reflections are evident on survey Line 1A
(Appendix C) above approximately 60 msec (i.e., approximately 140 ft bgs, near the top of the upper
sand facies of the McNairy Formation), correlations could not be determined with any degree of certainty.

¢  Fault 2: Fault 2 may represent a series of faults associated with a horst and graben complex in the
western and southwestern corner of Site 3A. The northernmost component of Fault 2 is interpreted to
offset the top of the McNairy and possibly extend upward into the Porters Creek Clay. Along the
southernmost component of Fault 2 along survey Line 4 (Appendix C), a significant discontinuity in
the bedrock reflector exists. The character of this reflector, combined with multiple strong diffractions
evident beneath the reflector, indicates a significant fault or fracture zone may exist at this location.

e Fault 3: Fault 3 extends into the McNairy Formation, and possibly well into or through the Porters
Creek Clay. Similar to Fault 1, anomalous reflections at 60 msec (140 ft bgs) are uncertain. Branching
features of Fault 3 may include antithetic faults or may be associated with flower structures.

e  Fault 4: Fault 4 extends well into the McNairy Formation and possibly into or through the Porters
Creek Clay. Along survey Line 3 between Fault 4 and Fault 5 (Fig. 6.21), reflections representing the
top of bedrock are of high amplitude, but discontinuous, which differs from the relatively coherent
reflections from bedrock along most other portions of the line. These characteristics, combined with
multiple strong diffractions evident beneath the bedrock reflection, indicate a significant fault or
fracture zone may exist at this location.
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o  Fault 5: Fault 5 is interpreted as extending into, but not through the McNairy. Similar to Fault 3,
branching features may include antithetic faults or flower structures. The high amplitude reflections
and multiple strong diffractions beneath the bedrock indicate a significant fault or fracture zone at
this location.

e  Fault 6: Fault 6 is interpreted to offset the top of the McNairy and possibly extend upward well into
or through the Porters Creek Clay. It is associated with the anticline-like feature in the middle of Site 3A.

e  Faults 7 and 8: Faults 7 and 8 are similar normal faults that are interpreted to extend to the top of
the McNairy and possibly into the Porters Creek Clay. The paired faults are interpreted to represent a
graben feature between them.

e Faults 9 and 10: Faults 9 and 10 are paired faults that, like Faults 7 and 8, are interpreted to
represent a graben feature between them. Fault 9 is interpreted to extend through the Paleozoic
bedrock, but not up through the McNairy. Fault 10 may extend upward well into or through the
Porters Creek Clay, as shown on survey Line 3 in Fig. 6.21.

e  Fault 11: Fault 11 is located in the extreme northeast corner of Site 3A. It is interpreted as extending
into the McNairy Formation. However, some anomalous reflections are evident in survey Line 1B
(Appendix C) above approximately 70 msec (i.e., approximately 160 ft bgs, near the top of the upper
sand facies of the NcNairy), so that this fault may extend up into the Porters Creek Clay.

All 11 interpreted faults show disruptions near the top of the bedrock limestone and appear to offset
that unit. Nine of the 11 faults are interpreted to extend upward into the Cretaceous-age McNairy
Formation. Several of these features may extend well into or possibly through the Paleocene-age Porters
Creek Clay Formation (Fig. 6.19).

It is important to stress that the p-wave survey was not intended to have sufficient resolution to
determine if postulated faulting extends into the Terrace Deposits and/or loess that overlie the Porters
Creek Clay. This would require follow-up activities including a more focused s-wave survey.

6.3.2 Follow-up S-wave Survey and Associated DPT Borings

Following the interpretation of the p-wave survey data, a Project Core Team meeting was held on
January 15, 2002 to reach consensus on the results, select the location for the planned s-wave survey, and
review the remainder of the Site 3A activities. The Project Core Team concluded that the s-wave survey
should focus on the interpreted faults that appear to extend upward into the shallow sediments overlying
bedrock, occur adjacent to or bound the anticline-like feature, and trend through the central portion of the
site (PPC 2002). The s-wave survey sections would have approximately twice the vertical resolution and
2.5 times the horizontal resolution of the p-wave survey sections, but would only be used to image the
shallower portions of the subsurface.

The s-wave survey was conducted along two survey lines (Lines 2S and 3S) totaling approximately
2300 lin ft. The locations of the s-wave survey Lines 2S and 3S relative to p-wave survey Lines 2 and 3
are presented as Fig. 6.22.

Figure 6.22 also shows the locations of 10 DPT boreholes that were drilled along the same s-wave
survey lines. The locations of nearby soil borings and SCPT soundings are also shown for reference.
These boreholes and soundings provided information on the stratigraphy and were used in interpreting the
seismic survey data. The SCPT soundings provided actual shear-wave velocities at known locations and
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depths. The DPT boreholes provided soil cores to correlate with and help interpret the seismic data. In
addition, organic samples were collected from these cores to provide age constraints.

The s-wave survey, together with the associated DPT boreholes, was successful in imaging several
near-surface horizons and faults beneath Site 3A. Horizons evident in the s-wave survey data and
confirmed by the DPT boreholes, SCPT soundings, and soil borings include the near-surface loess, a firm
sand unit underlying the loess, and the Porters Creek Clay. These horizons can be seen on Figs. 6.23 and
6.24. Each of these horizons is discussed below.

Loess: The shallowest reflectors on Lines 2S and 3S occur between 90 and 130 msec (approximately
12 to 25 ft bgs), as shown on Figs. 6.23 and 6.24. The base of the shallowest reflectors has been
highlighted in yellow. Based on DPT soil cores, the horizon is deemed to be near the base of the
loess at Site 3A. The shallowest bright reflector on Line 2S (Fig. 6.23) exists only on the east side of
the section from shotpoints 670—890. There is no significant information in the DPT data to indicate
changes in material properties that would produce this reflector. The DPT data from shot points 741
and 798 indicate that some gravels are present about 1624 ft bgs, but they appear to be minimal. It
is possible that some other lithologic character, such as clay content, is affecting soil “stiffness” to
produce these reflectors.

On Line 3S (Fig. 6.24), a series of high amplitude peaks and troughs extend across the top of the
section. This package of reflectors varies laterally in thickness and appears to define near surface
channel features on the east side of the section. It is not obvious from the DPT data what lithologic
changes might be causing the reflectors observed along the top of this line. However, most of the
DPT data along the line indicates the presence of sand and/or gravel layers on the order of 17—
23 ft bgs. Thin, coarse-grained layers at these depths would likely produce the shallow reflectors
observed on the sections.

Firm Sand: The SCPT and DPT data document the existence of a sand layer at approximately
30-35 ft bgs. This firm sand (highlighted in blue on Figs. 6.23 and 6.24) produces a strong reflector
on the s-wave survey sections at approximately 150 msec (approximately 32 ft bgs). The firm sand
reflector is certainly the dominant feature on Line 2S. On Line 38, the firm sand manifests itself as a
package of bright reflectors across the central part of the section, fading somewhat at both ends. DPT
information along Line 3S indicates that the firm sand is not a single unit here, but represented by a
series of interbedded sands and clays. The firm sand may represent channel or meander loop
sedimentation, hence it might be expected to exhibit rapid lateral variations in character.

Porters Creek Clay Formation: The top of the Porters Creek clay unit is fairly well defined by
intrusive testing. DPT boreholes, SCPT soundings, and mud rotary boreholes extend down to the top
of the Porters Creek clay within Site 3A, and this information has helped to identify the horizon on
the seismic sections. To help confirm these findings, the s-wave travel time to the horizon picked as
the top of the Porters Creek clay was confirmed. The calculation, which assumes an average s-wave
velocity of 700 ft/sec and depth to the Porters Creek clay of 50 ft, places the reflector at roughly
200 msec.

The intrusive information (DPT, SPT, and SCPT) indicates that the reflector seen on the s-wave
survey sections is actually a gravelly sand layer directly overlying the Porters Creek Clay. SCPT
data show a large increase in tip resistance and shear stress within this gravelly sand, and these
properties are directly related to shear-wave velocity. It appears that both the top and the bottom of
the gravelly sand are being imaged on the s-wave survey sections, as evidenced by the peak-trough-peak
sequence (blue-red-blue) seen on Line 3S. Because the top of the Porters Creek Clay corresponds to the
bottom of the gravelly sand, the lower peak has been picked on the seismic sections.
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The top of the Porters Creek Clay reflector is easily traced across the entirety of Line 3S (Fig. 6.24).
On Line 28, the top of Porters Creek Clay reflector is only evident on the eastern side of the line
(Fig. 6.23). Moving west from shot point 785, the reflector gradually weakens and then disappears
altogether. SCPT sounding SC-09 provides a possible explanation for this occurrence. At this
location, the gravelly sand has bifurcated into two thin layers, each less than 2 ft thick. SCPT tip
resistance within these gravelly sands remains high, although shear stress at SC-09 shows less
contrast than at SC-08 on Line 3S. It is, therefore, likely that the gradual disappearance of the
reflector as one moves west along Line 28 is at least partially because of the thinning and splitting of
the gravelly sand. '

For reference, the interpreted faults from the p-wave survey sections are shadowed in white on the
s-wave survey sections (Figs. 6.23 and 6.24). The faults interpreted from the p-wave survey generally
occur in very close proximity to faults interpreted from the s-wave survey sections. Some small
adjustments were made to positioning the faults because of the increased resolution provided in the
s-wave survey data. The final interpreted faults are shown in red. Faults that are evident in the s-wave
survey data, but were not seen on the p-wave survey sections, are shown in orange on Lines 2S and 38S.

Based on the s-wave survey profiles and associated DPT data, a total of five faults were investigated
during the s-wave survey in the central portion of Site 3A. These profiles generally confirm the number
and location of faults identified from the earlier p-wave survey. Figure 6.19 illustrated the faults
interpreted from the p-wave survey data. Note that fault locations are mapped at the top of the limestone
level. Figure 6.25 illustrates the spatial distribution of faulting after analysis of the s-wave survey sections.
On this figure, the fault locations are mapped where they intersect the Porters Creek Clay reflector.

Overall, the s-wave survey sections confirm the faults interpreted from the p-wave data. Therefore,
the same fault numbering system that was used in the p-wave survey has also been used for the s-wave
survey. The s-wave survey data provide complementary information on Faults 4 through 8. A discussion
of each of the potential faults is provided below.

e  Fault 3A: Fault 4 was originally interpreted from the p-wave survey data to include a southwest-
trending splay south of Line 2. With the additional resolution provided by the s-wave survey data, it
now appears that there are two separate faults here (Fig. 6.25). The westernmost fault has been labeled
“3A,” as it was not previously identified as a separate entity. On Line 2S (Fig. 6.23), the fault
indicators on the s-wave survey section are relatively weak; therefore, the fault plane is dashed.
However, a sudden change in the deep reflector is evident, as well as a small potential offset in the
firm sand reflector.

e  Fault 4: This fault was interpreted from the p-wave survey sections to intersect the Porters Creek
clay on Line 2S at approximately shot point 530 and bound the significant anticline-like feature
along the west. However, the Porters Creek Clay reflector in this part of Line 2S is obscured by
multiples, and data quality is diminished by poor surface conditions (Fig. 6.23). The s-wave survey
interpreted fault is shifted slightly west from its original position, but the seismic indicators for the
exact fault position are not obvious within this zone. Although confidence is high that there is a fault in
the immediate vicinity of the location shown, Fault 4 is dashed to indicate the uncertainty in positioning.
There are no significant anomalies in the seismic data to indicate that Fault 4 extends up to the firm sand.
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e Fault 5: FaultS was interpreted from the p-wave survey sections to be truncated beneath the
McNairy unit (Fig. 6.19). The additional resolution provided in the s-wave survey data now
contradicts this view. Fault 5 is interpreted to extend upward through the Porters Creek Clay and firm
sand. Disrupted reflectors occur at the deep reflector and Porters Creek Clay levels, and velocity sags
are interpreted at the firm sand level (Fig. 6.23). The s-wave expression of this fault is slightly west of
its original, projected p-wave survey position (highlighted in white).

e Fault 6: Fault 6 is the only fault expected to be imaged on both Lines 2S and 3S (Fig. 6.25). The
overall fault “signature” as it appears on both lines is quite similar. The fault plane is rotated slightly
on Line 28, and shifted slightly east on Line 38, relative to the original p-wave interpretation. In
addition, splay faults are evident on both s-wave survey sections above the deep reflector level (this was
not apparent on the p-wave survey data). This fault is interpreted to be coincident with the eastern
boundary of the significant anticline-like structure identified in the original p-wave survey data.

On Line 2S (Fig. 6.23), the fault is defined by offset reflectors that are clearly evident at the deep
reflector level. At the Porters Creek Clay, faulting is not as well defined, but there is an abrupt
change in reflector character in the vicinity of where this fault should be. As discussed earlier, SCPT
data indicate that variations in Porters Creek Clay sedimentation may be occurring here. At the firm
sand and loess levels, localized dips in the reflector may be velocity sags, indicating fault-induced
velocity variations.

Fault 6 is evident on Line 3S (Fig. 6.24) by offsets or otherwise disrupted reflectors at all levels.
Nearby and to the west of the p-wave survey interpreted fault (highlighted in white), another fault
and accompanying splay are newly interpreted. This new fault is interpreted to occur along the eastern
flank of the anticline-like feature. Because this new fault is not evident on Line 28, it appears that
Fault 6 bifurcates into a series of narrow horsts and grabens as it trends south (Fig. 6.25).

One DPT borehole was placed as close as possible to this fault in an attempt to confirm its presence.
DPT L3-531 penetrated approximately 18 ft of loess. Several faults were intersected beginning a few
feet below the base of the loess. Figure 6.26 is a photograph of this portion of the core. None of these
features are the result of breakage because of sampling. The most obvious fault is the one at a depth
of 28 ft that dips approximately 45° and separates the overlying silts and clays from the firm sand. In
addition, two subtle steeply-dipping fault zones are located above this feature at depths between
22 and 26 ft bgs.

e  Fault 7: Fault 7 occurs at roughly shot point 840 (Porters Creek Clay level) on Line 3S. Based on
previous work, this fault is expected to occur east of Line 2S, and hence cannot be seen. The position
of this fault is shifted slightly to the west from the original interpretation, and it is clearly evidenced
on the s-wave survey section by offset reflectors at the deep reflector and Porters Creek Clay level.
There is no indication that this fault extends upward to the firm sand.

e  Fault 8: Fault 8 on the p-wave survey interpretation was imaged once again on Line 38S. This fault is
the easternmost in the s-wave survey area, and based on the previous work, is not expected to be
seen on Line 2S. On Fig. 6.25, the revised position of Fault 8 is slightly to the east and a splay fault
is evident below the Porters Creek Clay level, extending east from the main fault plane. The fault is
indicated by offset reflectors at the deep reflector and Porters Creek Clay levels, and by localized
discontinuities in reflectors at the firm sand level. Above the firm sand, the interpretation becomes
less certain, although small discontinuities at the loess level may indicate that faulting may extend
into these sediments. Like most of the faults in this area, relative movement along the main fault
plane is normal, with the downthrown side to the east. Sediments within the splay are downthrown
and rotated relative to the sediments on either side.
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For most of the faults in this area, relative movement along the main fault plane is normal, with the
downthrown side to the east. These normal faults, along with their associated splays, either form a series
of narrow horst and graben features, or divide the local sediments into a series of rotated blocks. The
overall trend and geometry of the faulting is consistent with extensional regional tectonics and faulting
observed in the Fluorspar Area fault complex of Massac County, Illinois, located just across the Ohio River.

Several of the faults identified in the initial p-wave survey data have been confirmed in the follow-up
s-wave survey to extend upward into younger sediments overlying limestone bedrock, three of which are
interpreted to extend to within approximately 20 ft of the ground surface.

6.3.3 Age Dating at Site 3A

The relative timing of the deposition of the sediments at Site 3A provides general age constraints.
For example, the Porters Creek Clay is older than the overlying firm sand. The firm sand is older than the
overlying loess. However, such relative age dating does not provide absolute ages of the deformation
observed in the seismic reflection data or in the associated DPT boreholes. As such, all of the borings
completed at Site 3A during the Seismic Investigation program were searched for pieces of detrital wood
or charcoal for the purposes of '‘C dating. Only one sample identifiable as wood was recovered
(CCGTSB0611). This very small twig was found in SB-06 at a depth of 11 ft. The remainder of the
samples collected at Site 3A were from organic zones within soils.

A total of seven organic samples were collected. Their radiocarbon ages are presented in Table 6.4.
The radiocarbon dates show that the loess is generally late Pleistocene in age with '*C dates ranging from
13,540 to 15,620 years BP. The twig collected in SB-06 at a depth of 11 ft was dated to the early to mid-
Holocene (6,830 years BP), suggesting that locally there are younger alluvial deposits that fill former
erosional features in the loess. The uppermost soils (3 ft to 4 ft) yield dates of approximately 4000 years BP.
These dates may represent the age of deposition or, more likely, a composite age of organic matter that has
been incorporated to these depths due to bioturbation.

Table 6.4. Summary of organic samples and 'C age dating’ at Site 3A

Depth  Measured HC age

Sample number  Boring (ft) (years BP)® Implication

CCGTD440L2 440-L2 10 13,540 > 60 Age of loess

CCGTDS500L2 500-L2 32 3,770 £ 50 Age of shallow soils

CCGTD620L3 620-L3 10 13,850 + 60 Age of loess

CCGTD670L3 670-L3 10.2 15,620+ 70 Age of loess

CCGTSB03C04 SB-03 4 4,190 £ 40 Age of shallow soils

CCGTSB03C34 SB-03 34 7,230 £ 40 Implication unclear — suspect sample feli from shallower
depth during drilling

CCGTSBOG611 SB-06 11 6,790 + 40 Age of younger alluvium deposits

’, Dates are reported as radiocarbon years before present (BP), where “present” is defined as 1950 A.D.
*Measured *C ages are based on the observed half life of 1C.

One sample, CCGTSB03C34, vields questionable results. That sample was collected in soil boring
SB-03 at a depth of approximately 34 ft. This level is well below the base of the loess and at or below the
firm sand. Based on other '*C age constraints, the age of 7230 years BP is much younger than would be
expected, and totally inconsistent with the local stratigraphic section. It should be noted that this was the
first SPT boring at Site 3A and was an uncased mud rotary hole. Because of problems with the safety
hammer the upper portions of this hole were open for almost a week before the sample was collected. The
sample was collected from near the top of a split spoon sampler, an area where sloughing from above can
occur. Based on its anomalous age and its position in the sampler, it is likely that this sample originated
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nearer the surface and fell down the open hole. Consequently, this date should be viewed with this
uncertainty in mind.

6.3.4 Results of the Site-Specific Fault Study

The site-specific Fault Study identified a series of faults beneath Site 3A. For most of the faults,
relative movement along the main fault plane is normal, with the downthrown side to the east. These
normal faults, along with their associated splays, either form a series of narrow horst and graben features,
or divide the local sediments into a series of rotated blocks.

These normal faults were formed when the bedrock was in tension, but today the bedrock is in
compression. Therefore, the stresses that caused the faults to develop no longer exist. However, some of
the faults have likely been reactivated as strike-slip faults under the current compressional stress regime.

Several of the faults identified in the p-wave survey and further studied during the s-wave survey
extend through the Porters Creek Clay and into the materials underlying the surficial loess deposits. Three
of these faults extend to within approximately 20 ft of the surface. A DPT borehole drilled adjacent to one
of the postulated shallow faults encountered three fault planes at depths between 22 and 28 ft. No faults
were observed in the overlying loess sampled in this same DPT borehole. The radiocarbon dating at
Site 3A found that the loess is late Pleistocene in age with *C dates ranging from about 13,500 to
15,600 years BP.

Therefore, this study did not find Holocene-age displacement of faults at Site 3A.
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7. SEISMIC DESIGN MODEL

As discussed in Chap. 1, the Project Core Team developed a list of seven questions that, when
answered, would address seismic issues related to the siting of a potential CERCLA waste disposal
facility at PGDP. This chapter develops a seismic design model of Site 3A, using the information presented
in Chap. 3, to address Questions 6 and 7 posed by the Project Core Team. These two questions follow:

e  Question 6. What is the peak ground acceleration (PGA) at the potential disposal facility 51te‘7
e  Question 7. What are the characteristics of the design ground motion?

Previous ground motion studies at PGDP have been conducted for other locations on the DOE
property. Site 3A is at a different location and the soil column from the top of rock to the ground surface
contains a significant thickness of the Porters Creek Clay that does not exist at most of the other locations.
Therefore, the main purpose of this study is to determine top-of-soil PGA and ground motion
characteristics (ground shaking frequency, velocity, and displacements) pertaining directly to the Site 3A
location.

Table 7.1 repeats the questions and presents a summary of the answers based on the seismic design
model that was developed for Site 3A. Data, information, and details used to develop the responses to the
questions presented above are included in the body of this chapter and other chapters of this document.

Table 7.1. Summary of answers to Questions 6 and 7 posed by the Project Core Team

Question General answer ‘
6. What is the PGA at the potenual Based upon data collected from Site 3A, the PGA at Site 3A is
disposal facility site? calculated to be 0.48g for a 2500-year return period earthquake.

7. What are the characteristics of the  The design ground motions at Site 3A would be the same as those
design ground motion? presented in (REI 1999). The shear-wave velocities in the soil column
at Site 3A are similar to those measured at other locations on the DOE
_property, resultmu sxmllar d651gn ground motlons

e

PGA = Peak ground acceleration

7.1 BACKGROUND ON SEISMIC DESIGN
7.1.1 Seismic Regulations

EPA and the Kentucky Division of Waste Management (KDWM) regulations require that a
municipal solid waste landfill located in a seismic impact zone be designed to resist the maximum
horizontal acceleration anticipated for the site in lithified (rock) material. A seismic impact zone is an
area with a 10% or greater probability that the maximum horizontal acceleration in lithified material
expressed as a percentage of the earth’s gravitational pull (g), will exceed 0.10 g in 250 years (EPA 1995;
KDWM 2002). Such an event would have a “return period” of 2500 years; that is, on average (over tens
of thousands of years), the event would be exceeded once every 2500 years.

The maximum horizontal acceleration that actually occurs during an earthquake, and is felt by a
structure on the ground surface, is referred to as the PGA of that earthquake. Seismic regulations,
therefore, require that any landfill in a seismic impact zone be designed to resist its site-specific PGA
having a 2500-year return period.
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7.1.2 Probabilistic Seismic Hazard Assessment

The maximum horizontal acceleration in rock is depicted on USGS seismic hazard maps (Frankel
etal. 1996), or may be developed based on a site-specific seismic risk assessment. If the PGA is larger
than 0.10 g, then the site is considered to be in a seismic impact zone and the disposal cell must be
designed for earthquake loads at the PGA value. Based on the USGS seismic hazard maps, the top-of-
rock PGA for Site 3A would be 0.8 g; therefore, Site 3A is located in a seismic impact zone.

A site-specific study is performed using a probabilistic seismic hazard analysis (PSHA) to determine
more precisely the maximum horizontal acceleration at a particular site. The PSHA requires an
assessment of past earthquakes in the region. Based on the sizes and locations of these past earthquakes
and other geologic and geophysical data, the PSHA determines the seismic hazard at the study site. The
seismic hazard is displayed as a plot of annual probability of exceedance (inverse of the return period)
versus a range of PGAs, as shown in Fig. 7.1. The PGA for a 2500-year return period (annual probability
of exceedance of 4E-04) can then be determined from the curve.

When conducting a PSHA to determine the seismic hazard of a site, the seismic risk in terms of the
probability of a PGA value being exceeded during a given time can also be broken down into what types
of earthquakes are causing most of the risk: “Are they small to moderate earthquakes near the location of
interest?” or “Are they large earthquakes at great distance from the site?" This is known as deaggregating
the hazard. Understanding the deaggreation of the earthquake risk provides information that is helpful to
understanding soil amplification issues (discussed in Sect. 7.1.3) and the potential frequency of ground
shaking (discussed in Sect. 7.1.4).

7.1.3 Soil Amplification

The PGA is typically computed at the top of bedrock, which at Site 3A is between 325 and 425 ft bgs
(Fig. 3.9). However, any potential waste disposal facility would be founded on soil materials up to 425 ft
thick overlying bedrock. As a result, the PGA at the top of the soil (at the base of the disposal cell) must
be determined.

Soils typically amplify the rock PGA. Soil amplification factors can vary considerably, depending on
the type of soil, depth of soil above the rock, top-of-rock PGA, and ground motion frequency. If the soil
materials remain linear (Sect. 7.1.4) and the top-of-rock PGA is small, then the soil amplification factor
can be as high as 4.0. However, if the soil materials become nonlinear, as happens with a very high top-
of-rock PGA, then the soil amplification factors can be as low as 0.5. Soil amplification calculations were
completed for Site 3A, as discussed in Sect. 7.3.

7.1.4 Structural Amplification and Damping

Structures, including earthen structures like a disposal cell, respond to earthquakes in different ways
depending on frequency characteristics, damping, and material performance. Frequency characteristics
determine how a landfill will shake during an earthquake. If the fundamental frequency of the disposal
cell is similar to the earthquake’s dominant frequency, it can experience significant amounts of
acceleration and displacement at the top of the landfill. Whereas the top-of-soil PGA is the maximum
acceleration that is being felt by the foundation of the structure, the acceleration at the top of the structure
could be two to three times greater than that PGA. This amplified acceleration at the top of the structure is
known as the peak spectral acceleration (PSA). '
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To depict the frequency characteristics of the structure, a plot of the PSA versus ground motion
frequency is developed. This plot, known as a uniform hazard spectra (UHS), provides the PSA for each
frequency from 0.1 Hz (10 sec.) to 100 Hz (0.01 sec.). The shape of the UHS curve represents the
relationship between the earthquake acceleration and the ground motion frequency, which can be
converted into ground motion velocities and displacements. The UHS is uniform in that the probability of
exceeding the PSA at any frequency is the same as exceeding the PGA. UHS frequencies of 0.1 to 1 Hz
are known as long period motions and the PSA values are most often much less than the PGA value. UHS
frequencies of 5 to 10 Hz are known as short period motions and the PSA values are always larger than
the PGA value. At a structural frequency of 100 Hz, all structures relative to earthquake ground motion
frequencies are rigid and no amplification in the structure occurs. As a result, at a frequency of 100 Hz the
PSA and PGA are the same.

While structural amplification can increase the acceleration, damping absorbs the earthquake energy
and de-amplifies the acceleration, reducing the PSA values. Damping values for structures that do not
exceed structural material elastic (linear) limits typically range from 2 to 10%. As a result, UHS plots are
often developed for structures having 2, 5, 7, and 10% damping (REI 1999). The larger the damping
value, the lower the PSA values.

Material performance of structures and soils during earthquakes can be considered as having either
of two states, linear or nonlinear. The UHS represents the performance of a structure in a linear state for
design purposes. Design, or evaluation, of a structure in the nonlinear state is performed using simplified
equivalent linear analysis techniques or computationally complex nonlinear analysis. In the nonlinear
state, a structure absorbs the earthquake energy and the PSA values can become smaller than the PGA
values, as discussed below.

3

7.1.5 Methods for Determining Soil Amplification

There are two methods for determining soil amplification that are considered state-of-practice
regulatory status in building codes and NRC guidance. Method 1 involves using a PSHA to develop top-
of-rock spectra representing the baseline seismic hazard. An equivalent linear method is used to
determine site-specific soil amplification factors. These factors are then applied to the top-of-rock spectra
to determine top-of-soil spectra. :

Method 2 is similar to Method 1 but follows NRC Regulatory Guide 1.165 (NRC 1997). Two
“controlling earthquakes” are selected and used to develop site-specific top-of-rock response spectra. A
site-specific soil amplification analysis is then performed considering uncertainties in site-specific
geotechnical properties to determine top-of-soil response spectra. Depending on details of the
deaggregation parameters, Methods | and 2 may yield the same results.

More recently, three alternative methods have been introduced for determining site-specific soil

amplification. These methods, referred to as “fully probabilistic,” go beyond current state-of-practice and
are much more computationally intensive. They have been introduced because some experts believe that
Methods 1 and 2 may underestimate the soil amplification and seismic hazard in some cases.

Method 3 (McGuire et al. 2001) incorporates the soil amplification factors and factor uncertainty
directly into the PSHA integration. It is known that this method will give higher values for a given
seismic source model than either Method 1 or 2 because it incorporates values above the median site
amplification factors into the probability-of-exceedance calculation. The amount of this increase depends
on how the characterization of uncertainty in soil column amplification factors is incorporated. In Method
3, this uncertainty is added on top of all other model uncertainties in a way that maximizes the results.
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Method 4 is an alternative way to incorporate site-specific soil amplification factors and their
uncertainties. This method has been used at other DOE sites (Lee et al. 1998). In this approach, the “hard
rock” PSHA is used together with the magmtude (a measure of the strength of the earthquake generally as
determined from seismographic observations) and ground-motion-level-dependent distributions on site
amplification to develop a soil surface PSHA. The soil surface PSHA is computed without modification
or adjustment to the original “hard rock” PSHA. Like Method 3, this method is expected to provide
results higher than Methods 1 and 2.

Method 5 (McGuire et al. 2001) is an alternative that replaces the use of “hard rock™ attenuation
relationships for the probabilistic seismic hazard analysis (e.g., Methods 1 and 2) with site-specific soil
attenuation relationships that directly incorporate model uncertainties, including soil column
uncertainties, into the UHS calculation. This method handles model uncertainties more realistically.

7.2 PREVIOUS SEISMIC HAZARD STUDIES AT PGDP

Numerous seismic hazard studies have been conducted at the PGDP over the past 25 years. REI
completed the most recent study using a PSHA and Method 1 soil amplification methodology (REI 1999).
Top-of-soil UHS plots were developed for return periods of 250, 500, 1000, and 5000 years. The effect of
the soil column was incorporated by scaling the probabilistic hard-rock UHS values using median values
of site-specific soil amplification factors (REI 1993). The soil column was based on measured shear-wave
velocity profiles taken from four deep borehole clusters drilled on the DOE property (Staub and
Wang 1991). Fig. 7.2 shows the locations of the four deep borehole clusters plus the location of the deep
borehole cluster (DB-01 and DB-02) drilled at Site 3A during this Seismic Investigation.

In 2001, a study was conducted to develop ground motion values for an earthquake having a return
period of 2500 years (Beavers 2001). Results of the 1999 REI study were interpolated (using a linear
interpolation) for a return period of 2500 years, resulting in a PGA of about 0.8 g at bedrock and 0.5 g at
the top of soil. Ground motions at the top of soil were presented as spectral shapes for various damping
values. USGS seismic hazard maps (Frankel et al. 1996) showing top-of-rock PGA for a firm rock site
were interpolated to obtain the top-of-rock PGA for a hard rock site (such as PGDP) of approximately 0.8
g. Because both methods resulted in the same top-of-rock PGA for PGDP, it was concluded the methods
were compatible. Therefore, although USGS maps do not directly provide top-of-soil ground motions, it
could be concluded that a top-of-soil PGA of 0.5 g would be appropriate for design of a potential on-site
CERCLA waste disposal facility.

USGS (Cramer 2001) used a PSHA and Method 3 soil amplification methodology to determine top-
of-soil PGA at PGDP. This resulted in a higher PGA of 0.7 g. KDWM expressed concerns about this
value but agreed to a site-specific evaluation of the ground motion values (KDWM 2002).

As a result, a reassessment of the PGA at PGDP was conducted (BJC 2002c¢). A log-log interpolation
of the REI 1999 data, which is considered a more accurate interpolation, was used to determine top-of-
rock PGA for the 2500-year return period earthquake. This resulted in a top-of-rock PGA of 0.71 g. The
study concluded there was satisfactory agreement between the REI top-of-rock PGA hazard curve and
that generated by BJC. Based on the REI 1999 soil amplification value of 0.67, the resulting top-of-soil
PGA at PGDP would then be 0.48 g.
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The BJIC 2002 study developed soil-site amplification factors using all five soil amplification methods,
including two variations, for a total of seven. The top-of-soil PGA value ranged from 0.48 g to 0.57 g
with values of 0.48, 0.48, 0.57, 0.56, 0.47, 0.48, and 0.52 g with a mean value of 0.51 g. The study
concluded that, given the uncertainties associated with seismic parameters at the PGDP site, the REI
(1999) ground motions should be used for design at PGDP (i.e., the 0.48 g value).

7.3 SITE 3A GROUND MOTIONS

Based on the BIC 2002c study, it is concluded that a top-of-rock PGA of 0.71 g is appropriate for a
2500-year return period earthquake at PGDP. The 2500-year return period UHS rock motion shown in
Fig. 7.3 (as developed by BIC 2002¢ from the REI 1999 study) was used as the top-of-rock spectra to
determine new top-of-soil ground motion spectra for a potential CERCLA waste disposal facility at Site 3A.

Based on the BIC 2002c¢ study, it was also concluded that Method 1 provides a good representation
of soil amplification. As a result, Method 1 was used to determine Site 3A ground motions using the
shear-wave velocities measured at Site 3A (Sect. 3.7). Shear-wave velocities were measured in a deep
borehole (DB-02) at 1.64-ft (0.5-m) intervals to a depth of about 374 ft and in SCPT soundings
throughout Site 3A that were probed to depths of up to 60 ft bgs. For the soil column down to a depth of
about 60 ft, all data collected from the SCPT soundings and borehole DB-02 were averaged. For the
remaining depth to the top of bedrock, the shear-wave velocity data collected from Borehole DB-02 was
used. The resulting shear-wave profile for the soil column at Site 3A is shown in Table 7.2. This shear-
wave profile was then used to determine the soil amplifications for Site 3A using Method 1.

Table 7.2. Site 3A shear-wave velocities

Elevation bottom of soil zone Shear-wave velocity, Vs Standard Deviation
(ft msl) (ft/sec) (ft/sec)
380 607 +162
368 ; 921 +208
360 1250 +352
348 913 +159
340 1068 +251
- 300 1028 +202
242 1141 +69
217 1430 +179

140 1532 +213

-10 1700 +154

Figure 7.4 shows a comparison between Site 3A shear-wave velocity profile and the shear-wave
velocity profile used by REI (1999). There is little difference between the two sets of data, except for the
deeper portion of the profile where the variation is on the order of 20%. A variation of less than 20% is
not expected to change the soil amplification factors to any extent.

As stated above, Method 1 uses an equivalent-linear method to determine soil amplification factors
that are applied to the top-of-rock spectra to determine top-of-soil spectra. To determine soil
amplification, a random vibration theory analysis is used. This analysis has shown to be a robust method
of incorporating uncertainty and randomness of dynamic material properties into the computed response.
The analysis randomly varies the shear-wave velocity profile and the thickness of the material layers. The
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randomization is based on a correlation model developed from a statistical analysis on about 500
measured shear-wave velocity profiles (EPRI 1993; Silva et al. 1997). Profile depth (depth to bedrock) is
also varied on a site-specific basis using a uniform distribution. Variation of the profile depth is important
at Site 3A because, as noted in Chap. 3, the top-of-rock elevation varies from 50 ft above msl to 40 ft
below msl.

To accommodate uncertainty in other geotechnical materials of the soil column on a generic basis,
the data are independently randomized about the base case values. This randomization is based on
statistical analysis of laboratory test results.

As done in the REI 1999 study, to accommodate nonlinear soil response, the generic cohesionless
soil G/Guax and hysteretic damping curves developed by EPRI (1993) were used. These curves
accommodate the effects of confining pressure and have been developed based on laboratory tests as well
as a careful literature review.

Soil amplification calculations were performed for ground-motion amplitudes associated with top-of-
rock PGA values of 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.75, and 1.00 g. Appendix F shows the calculated
amplification factors as a function of frequency for the various ground-motion amplitudes. These
amplification factors were then used to convert the spectral accelerations at top-of-rock to spectral
accelerations at top-of-soil for Site 3A. The 5% damped spectral shape shown in Fig. 7.3 was used.
Results of these calculations determined that, for a top-of-rock PGA of 0.71 g, the soil amplification is
0.67 (Appendix F). This results in a top-of-soil PGA of 0.48 g for a 2500-year return period earthquake at
Site 3A.

This value is equal to the top-of-soil PGA value of 0.48 g calculated by REI in its previous study at
PGDP. Therefore, the recommended top-of-soil PGA for the design of a potential CERCLA waste
disposal facility at Site 3A is 0.48 g.

Because the shear velocities in the soil column at Site 3A are similar to those determined previously
at other locations on the DOE property, similar design ground motions would be expected to those
previously calculated for PGDP. The design ground motions at Site 3A would be the same as those
presented in REI 1999. A uniform hazard spectra that relates ground acceleration to the ground shaking
frequency is presented in Fig. 7.3 to define the design ground motions at Site 3A.

7.4 SUMMARY OF THE SEISMIC DESIGN MODEL

A PSHA was performed to determine the PGA and other related ground motions (ground shaking
frequency, velocity, and displacements) for an earthquake having a 2500-year return period. The
corresponding PGA value at the top of rock (400 ft bgs) was determined to be 0.71 g.

Because the potential CERCLA waste disposal facility would be founded on soil materials up to 400
ft thick, further analysis was done to calculate the PGA at the top of the soil (at the base of the disposal
cell). Site-specific soil amplification factors were calculated for Site 3A based on the shear-wave
velocities measured in the deep borehole (DB-02) and SCPT soundings. The soil amplification factor for
a top-of-rock PGA of 0.71 g was calculated to be 0.67. This results in a top-of-soil PGA of 0.48 g at Site
3A for a 2500-year return period earthquake.

This value is equal to the PGA value of 0.48 g interpolated from REI by BJC (2002c) in its previous
re-evaluation study at PGDP. Therefore, the recommended top-of-soil PGA for the design of a potential
CERCLA waste disposal facility at Site 3A is 0.48 g.
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The shear-wave velocities in the soil column at Site 3A are similar to those determined previously at
£ other locations on the DOE property, resulting in similar design ground motions. Therefore, the design
ground motions at Site 3A would be the same as those determined by REL A uniform hazard spectra that
relates ground acceleration to the ground shaking frequency is presented in Fig. 7.3 to define the design
ground motions at Site 3A.
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8. SUMMARY AND CONCLUSIONS

This Seismic Investigation report has been prepared to summarize and present conclusions from a
regional and site-specific Seismic Investigation at PGDP. The field investigation was developed to address
seismic issues associated with potentially siting a CERCLA waste disposal facility at PGDP, in particular
at Site 3A. The field investigation consisted of a Paleoliquefaction Study, regional Fault Study, site-specific
Fault Study, and Geotechnical Study. The results of these studies have been presented in this report.

The Project Core Team developed the following seven questions that, when answered, would fully
address the seismic issues:

Is there evidence of paleoliquefaction?

Is there paleoseismic evidence of local strong motion?

Is there potential for future liquefaction?

Is there evidence of Holocene displacement of faults at PGDP?

Are there faults underlying the potential disposal facility site?

What is the peak ground acceleration (PGA) at the potential disposal facility site?
What are the characteristics of the design ground motion?

NN R W

Table 8.1 repeats these questions and presents a summary of the answers developed during the
Seismic Investigation. The following sections summarize the conclusions of each study.

8.1 PALEOLIQUEFACTION STUDY

The Paleoliquefaction Study was developed to address Questions 1 and 2, and to support answering
Questions 3, 6, and 7. The study included a review of historical information on liquefaction in the region,
a search for evidence of paleoliquefaction features in the region, an evaluation of borehole cores taken
from Site 3A for evidence of past liquefaction, and an evaluation of the results of laboratory testing of soil
samples collected from Site 3A to assess liquefaction potential. Paleoliquefaction is defined here as
seismically-induced liquefaction features associated with prehistoric Holocene or late Pleistocene earthquakes.

Field investigations conducted as part of the Seismic Investigation found no large liquefaction
features along the Ohio River in the vicinity of PGDP. The riverbank afforded adequate exposure of the
sediments such that if large liquefaction features were present they should have been obvious.
Smaller-scale paleoliquefaction features may have been present but were not observed due to their
relatively small size or the typical veneer of river deposits and vegetative cover.

Field investigations conducted along portions of Bayou and Little Bayou Creeks found no definitive
evidence of paleoliquefaction at the PGDP.

The literature does report some small liquefaction features within 15 miles of the PGDP. The closest
are located along the banks of the Ohio River, about 8 miles to the northeast. These features are in the
general vicinity of Fort Massac, Illinois, a location where liquefaction was reported during the February 7,
1812, New Madrid earthquake. These features were small and relatively unweathered, suggesting that
they were probably outlying liquefaction features resulting from the 1811 and 1812 New Madrid
earthquakes. Small liquefaction features are also reported in the literature along the Post Creek Cutoff,
about 12 miles northwest of PGDP.
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Table 8.1. General answers to Project Core Team questions to address seismic issues at Site 3A

Question

General answer

1. Is there evidence of
paleoliquefaction at
or near PGDP?

2. Is there paleoseismic
evidence of local
strong ground
motion?

3. Is there potential for
future liquefaction
at Site 3A?

4. Is there evidence of
Holocene
displacement of
faults at PGDP?

5. Are there faults
underlying the
potential disposal
facility site?

6. What is the PGA at
the potential
disposal facility
site?

7. What are the
characteristics of the
design ground
motion?

Field observations made along the Ohio River in the vicinity of PGDP found no large liquefaction
features. Smaller scale paleoliquefaction features may have been present but remained unobserved because
of their relatively small size or veneer of river deposits and vegetative cover. There is no definitive
evidence of paleoliquefaction at PGDP based on results of field investigations conducted along portions
of Bayou and Liitle Bayou Creeks. The literature does report some small liquefaction features located
along the banks of the Ohio River, about 8 miles northeast of PGDP, and along the Post Creek Cutoff,
about 12 miles northwest of PGDP.

The absence of large paleoliquefaction features within 15 miles of PGDP suggests that local strong
ground motion has not occurred within the past few thousand years. The small liquefaction features that
have been reported in the literature are located in sediments that are especially prone to liquefaction and
are probably associated with large earthquakes originating outside the area. It should be stressed that the
available exposures may only provide a record for the late Holocene.

Many of the soils present at the site are clays and silts that by their very composition are not prone to
liquefaction. In addition, laboratory evaluation of these materials found that they do not meet the criteria
that distinguish those fine-grained soils that could experience large-scale strain, similar to liquefaction.
The sands encountered at Site 3A are generally firm and are not expected to liquefy under low to
moderate levels of ground motion. Some liquefaction within the sands and deformation within the silts
and clays could occur at PGAs approaching 0.5 g.

This study did not find Holocene displacement of faults at Site 3A. Several faults identified in seismic
reflection data at Site 3A have been confirmed to extend through the Porters Creek Clay and into the
materials underlying the surficial loess deposits. Three of these faults are interpreted to extend to within
approximately 20 ft of the ground surface. One DPT borehole encountered three fault planes at depths
between 22 ft and 28 fi. No faults were observed in the overlying loess. The radiocarbon dating at Site 3A
found that the loess is late Pleistocene in age with *C dates ranging from 13,500 to 15,600 years BP. At
the Barnes Creek site located 11 miles northeast of PGDP, this study found Holocene age displacement
of faults in deposits with **C dates ranging from 5000 to 7000 years BP.

The site-specific Fault Study identified a series of faults beneath Site 3A. For most of the faults beneath
Site 3A, relative movement along the main fault plane is normal, with the downthrown side to the east.
These normal faults, along with their associated splays, either form a series of narrow horst and graben
features, or divide the local sediments into a series of rotated blocks. Several of the faults extend through
the Porters Creek Clay and into the materials underlying the surficial loess. Three of these faults extend
to within 20 ft of the ground surface.

Based upon data collected from Site 3A, the PGA at Site 3A is calculated 0.48 g for a Z;SOO-yéar return
period earthquake.

The design ground motions at Site 3A would be the same as those presented in REI 1999. The
shear-wave velocities in the soil column at Site 3A are similar to those determined previously at other
locations on the DOE property, resulting in similar design ground motions.

BP = years before present, where “present” is defined as 1950 A.D.
DPT = direct push technology

PGA = peak ground acceleration

PGDP = Paducah Gaseous Diffusion Plant

REI = Risk Engineering, Inc.
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The absence of large paleoliquefaction features within 15 miles of PGDP suggests that local strong
ground motion has not occurred within the past few thousand years. In this context “local strong ground
motion” is defined as strong ground motion resulting from a local earthquake. The small liquefaction
features that have been reported in the literature are located in sediments that are especially prone to
liquefaction and are probably associated with large earthquakes originating outside the area. It should be
stressed that the available exposures may only provide a record for the late Holocene.

Many of the soils present at Site 3A are fine-grained clays and silts that by their very composition
are not prone to liquefaction. In addition, laboratory evaluation of these materials found that they do not
meet criteria that distinguish those fine-grained soils that could experience large-scale strain, similar to
liquefaction. The sands encountered at Site 3A are generally firm and are not expected to liquefy under
low to moderate levels of ground motion. However, based on the calculations presented in this report, it
was concluded that some liquefaction within the sands and deformation within the silts and clays could
occur at PGAs approaching 0.5 g.

8.2 FAULT STUDY

The purpose of the Fault Study is to determine whether Holocene-age faulting has occurred in the
PGDP vicinity. The Fault Study is to answer Questions 4 and 5 posed by the Project Core Team and to
assist in any subsequent facility design activities. The Fault Study included both regional and site-specific
components.

8.2.1 Regional Fault Study

The regional Fault Study was conducted at the Barnes Creek site (Massac County, Illinois) to collect
~data to support the design of a potential on-sitt CERCLA waste disposal facility. Such data include
displacement, earthquake magnitude, recurrence interval, and age of the most recent event. The study
included two activities: (1) mapping of Barnes Creek and (2) GPR and DPT investigations of a nearby
terrace graben area. These activities were implemented to identify the key geologic units, their relationship
with observed faults, and their dates of deposition to establish ages of past fault movements. Although
excavation of test pits and a trench was originally planned to collect visible evidence of shallow faulting,
data collected from the creek banks and DPT boreholes were sufficient in dating the deposits and in
determining that no correlation exists between the topography and faultmg Therefore, the test pits and
trench were not excavated.

Geologic structures observed in Barnes Creek include individual joints, faults, clay dikes, and paired
faults forming down-dropped blocks known as grabens. Neotectonic studies were carried out in a portion
of Barnes Creek to determine if mapped faults have moved within the Holocene Epoch. Investigations in
the creek identified five geologic units. The three oldest units, the Cretaceous McNalry Formation and the
gravels, sands, and silts of both the upper and lower Metropolis Formation exhibit faults, clay dikes, and
joints. The two youngest units, a surficial light brown sandy alluvium and an underlying light gray
alluvium, did not exhibit faulting.

The trends (generally northeast-southwest) of the geologic structures in the oldest units and style of
deformation are consistent with bedrock faults mapped to the north of the study area by the ISGS. The
northeast-southwest trends are also consistent with the trend of the NMSZ to the southwest, suggesting
that these features may be related. “ ' ‘ '

'The relative timing of the observed deformations in the geologic structures varies. A number of geologic
structures are limited to the McNairy Formation and clearly pre-date deposition of the Metropolis materials.
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Other features involve both the McNairy and Metropolis materials to the same extent, while others appear
to be re-activation of old features in the McNairy after or during deposition of the Metropolis materials.

Radiocarbon ages confirm that repeated deformation has occurred at various times along some of the
observed faults. Deformation began prior to the deposition of the lower Metropolis (late Pleistocene),
continued during the deposition of the upper Metropolis (which is 5000 to 7000 years old), and most
recently occurred in the mid-Holocene, after the deposition of the upper Metropolis (within the last 5000
years). Therefore, faults observed at the Barnes Creek site did extend into Holocene-age deposits. The
maximum displacement observed in a single event is approximately 1 ft in the lower Metropolis.

Investigation of the terrace graben area concluded that the observed stratigraphy is consistent with a
combination of two models: (1) a graben with up to 50 ft of displacement within the past 12,000 years, and
(2) an erosional feature with up to 50 ft of infilling within the past 12,000 years. Radiocarbon ages in the
terrace graben area indicate that the deep fine-grained sediments beneath the Metropolis are
approximately 11,000 years old, indicating that the overlying Metropolis dates from the late Pleistocene
or early Holocene.

8.2.2 Site-Specific Fault Study

The site-specific Fault Study at Site 3A was developed to answer Questions 4 and 5. The study
included an initial p-wave survey followed by an s-wave survey and DPT boreholes. A GPR calibration
survey found that GPR was not a viable investigative tool at Site 3A. Although excavation of test pits and
a trench was planned so as to collect visible evidence of shallow faulting, field conditions were not
amenable to excavation and, therefore, the test pits and trench were not excavated.

The site-specific Fault Study identified a series of faults beneath Site 3A. For most of the faults,
relative movement along the main fault plane is normal, with the downthrown side to the east. These
normal faults, along with their associated splays, either form a series of narrow horst and graben features,
or divide the local sediments into a series of rotated blocks.

Several of the faults identified in the p-wave survey extend through the Porters Creek Clay at an
approximate depth of 30 to 60 ft bgs and into the materials underlying the surficial loess deposits. Three
of these faults extend to within approximately 20 ft of the ground surface. A DPT borehole drilled
adjacent to one of the postulated shallow faults encountered three fault planes at depths between 22 and
28 ft. No faults were observed in the overlying loess sampled in this same DPT borehole. The radiocarbon
dating at Site 3A found that the loess is late Pleistocene in age, with 1C dates ranging from about 13,500

to 15,600 years BP.

Therefore, there is no direct evidence of Holocene displacement of faults at Site 3A. However, faults
observed at the Bamnes Creek site did extend into Holocene-age deposits.

8.3 GEOTECHNICAL STUDY

The Geotechnical Study was developed to acquire seismic and geotechnical qharacteristics of the
deposits at Site 3A for use in the design of a potential on-site CERCLA waste disposal facility. These
site-specific soil properties were used in answering Questions 3, 6, and 7. The study included drilling,
sampling, and testing of deep and shallow boreholes and SCPT soundings.

Bedrock was encountered at a depth of 400 ft bgs in borehole DB-02 at Site 3A. The McNairy
Formation was encountered overlying bedrock to a depth of 155 ft bgs, for a total thickness of 245 ft. The
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Porters Creek Clay was encountered overlying the McNairy to a depth varying between 30 and 60 ft bgs.

~ Terrace Deposits typically overly the Porters Creek Clay to a depth of 15 to 20 ft bgs. Surficial loess

deposits were encountered overlying the Terrace Deposits.

Results of settlement calculations predict that the total settlement of a fill constructed to a height of
102 ft above ground surface would result in more than 5 ft of settlement in the center of the disposal cell
area. Differential settlement may be as large as 2 to 3 ft across the disposal cell. Detailed design would need
to account for such differential settlement by increasing the slopes of the base grades, bottom liner, and drain
lines, and by selecting appropriate construction materials. It should be noted that the amount of disposal cell
settlement may be overestimated due to difficulties retrieving undisturbed samples in the Porters Creek
Clay. Settlement would occur relatively rapidly, with 90% of the settlement occurring in less than 2 years
of fill placement, so that settlement would be essentially completed by the time the cell is filled.

Results of bearing capacity analysis indicate that the bearing capacity of the foundation soils is
adequate to support a potential CERCLA waste disposal facility at Site 3A.

8.4 SEISMIC DESIGN MODEL

A seismic design model was developed for Site 3A to answer Questions 6 and 7; namely, to
determine the PGA and design ground motions for a potential CERCLA waste disposal facility. The
model was developed based upon the data collected during the site-specific Fault Study and Geotechnical
Study.

A probabilistic seismic hazard analysis was performed to determine what the PGA and other related
ground motions (ground shaking frequency, velocity, and displacements) would be at Site 3A for an
earthquake having a 2500-year return period. The corresponding PGA value at the top of rock (400 ft bgs)
was determined to be 0.71 g.

A site-specific soil amplification factor was calculated for Site 3A based on the shear-wave
velocities measured in the deep borehole (DB-02) and SCPT soundings using the methodology employed
by REI in its 1999 study. The soil amplification factor for a top-of-rock PGA of 0.71 g was calculated to
be 0.67 g. This results in a top-of-soil PGA of 0.48 g for a 2500-year return period earthquake at Site 3A.
This value is equal to the top-of-soil PGA value of 0.48 g interpolated from REI in a previous re-evaluation
study at PGDP. Therefore, the recommended top-of-soil PGA for design of a potential CERCLA waste
disposal facility at Site 3A 1s 0.48 g.

The shear-wave velocities in the soil column at Site 3A are similar to those measured previously at
other locations on the DOE property, resulting in similar design ground motions. Therefore, the design
ground motions at Site 3A would be the same as those determined by REI A uniform hazard spectra that
relates ground acceleration to the ground shaking frequency is presented in Chap. 7 to define the design
ground motions at Site 3A.
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